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With the increasing scarcity of water resources, soil moisture stress is the single
most threat to global soybean production causing extensive yield losses. The objectives
of this study were to investigate soil moisture stress effects on all aspects of soybean
growth and development processes and to develop functional algorithms that could be
used for field management decisions and in soybean crop modeling. To fulfill these
objectives, six experiments were conducted; one in vitro osmotic stress study on seed
germination, four studies by imposing five soil moisture treatments, 100, 80, 60, 40, and
20% of daily evapotranspiration of the control at different growth stages using sunlit
plant growth chambers, and one transgenerational study on seed germination at different
osmotic levels and offspring growth at three irrigation treatments (100, 66, and 33%
based on field capacity) for plants grown at different soil moisture levels. Two cultivars
from maturity group V, Asgrow AG5332 and Progeny P5333RY, with different growth
habits were used in all these studies. Midday leaf water potential, plant height, mainstem
nodes, gas-exchange traits, canopy reflectance, and several yield components including
pod weight, seed yield, and seed quality were measured. Soil moisture stress decreased

biomass, net photosynthesis, yield, individual seed weight, maximum seed germination,
protein, fatty acids, sucrose, N, and P and increased oil, stachyose, Fe, Mg, Zn, Cu, and B
contents. Overall, Asgrow AG5332 was more tolerant to drought stress than Progeny
P5333RY. Soil moisture stress induced changes in seed quality that were correlated with
seed germination and seedling vigor in the F1 generation. These data can be used to build
a model-based decision support system capable of predicting yield under field conditions.
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CHAPTER I
GENERAL INTRODUCTION
1.1

The Origin and History of Soybean
Soybean [Glycine max (L) Merr.] is a globally important annual crop that

provides oil and protein for both human and animal food. Compared to other crops,
soybean produces more protein and oil per unit of land. The average composition of
today’s soybean is 40% protein, 21% oil, 34% carbohydrate, and 5% ash. Its oil and
meal, as well as its beneficial leguminous characteristics have led to the successful
integration of soybean as a production crop. Soybean has been grown since 2500 B.C.,
and the first domestication has been traced to the eastern half of the North China.
Soybean cultivation was well adapted to the temperate climate of northern region of
China. Initially, soybean was called the Chinese soybean or Manchurian bean (Morse,
1950). Although it has been referred by numerous botanical names, in 1948, Ricker and
Morse coined the botanical name to the domesticated soybean wild types as Glycine max
(L.) Merrill, which originated from G. soja. In 1765, soybean was introduced to the
United States by Samuel Bowen for use as a green forage crop (Hymowitz and Harlan,
1983), and primarily, appeared to be well adapted to Pennsylvania soil. The first
reference of soybeans that had been tested in a scientific agricultural school in the United
States was in 1879, at the Rutgers Agricultural College in New Jersey. Most of the early
U.S. soybeans were used as a forage crop rather than harvested for seed. The modern
1

soybean arose after domesticating it by natural and conventional crossings as well as
through genetically modified cultivars. Today, soybean is well adapted and commercially
cultivated in all climatic zones of USA and in all populated continents of the world.
1.2

Soybean Production in USA
The U.S., Argentina, Brazil, China, and India are the world's largest soybean

producers and represent more than 90% of global soybean production (FAO, 2017). The
United States is the foremost soybean producer and exporter. Soybeans are the dominant
oil seed crop comprising about 90 percent of U.S. oilseed production, with cotton seed,
sunflower seed, canola, and rapeseed comprising 10% of national oilseed production.
With 85.1 million acres planted in 2015 (USDA, 2015), soybean is the second most
planted field crop in the U.S. after corn. Therefore, soybean crop production provides a
significant contribution to the economic structure of the United States.
Soybean acreages have expanded across the United States in the last few years,
particularly in the mid-west, mid-south, and southeast. Factors encouraging the expansion
of soybean acreage include increased planting flexibility, fertilizer and pesticide
application, rising yield improvements from narrow-rowed seeding practices, cornsoybean crop rotations, and the use of herbicide-tolerant varieties (USDA, 2010).
Soybean is grown throughout the United States, but more than 80 percent of U.S.
soybean acreage is concentrated in the upper Midwest. Also, significant amounts are still
planted in the historically important areas of the Delta and Southeast. From the period of
2006-2010, each state of Iowa, Illinois, Minnesota, and Nebraska contributed individually
more than 6% to the total national production (USDA, 2010).

2

In Mississippi, soybean has become the number one row crop and number three
agricultural commodity behind poultry and forestry. Typically, in Mississippi, soybeans
are planted in April/May and harvested in September/October. In 2014, the state
harvested 2.19 million acres yielding more than 114 million bushels with an average
yield of 52 bu/ac. This level of yield is a new record yield for the state, more than double
the average state yield in the 1980s.
1.3

Soybean Maturity Groups and Growth Habits
Soybean is a short day plant and the time between planting and flowering

depends primarily on temperature (Carlson and Lersten, 1987) and critical day length
(Garner and Allard, 1920). Based on the differences in day length conditions, soybean
varieties are classified into maturity groups. Currently, 13 maturity groups ranging from
Group 000, adapted for northern North America, to Group IX, adapted southern North
America, are planted across the United states and Canada (Poehlman and Sleper, 1995;
Johnson and Bernard, 1962). The use of correct maturity group enhances the timing of
inputs and reduces the risk of yield losses due to pests and environmental stresses
occurring during the season. As an example, having an idea of the starting and ending
stages for irrigation (such as R1 and R6), based on maturity group and planting date will
allow portion of adequate time and water resources to maximize yield potential of
soybean.
Soybean cultivars commonly grown in the United States typically have either an
indeterminate or determinate growth habit. Traditionally, groups 000 to IV were
indeterminate soybeans, that is, flowering starts before stem elongation ceases, and
continues producing nodes on the main stem until the beginning of seed fill (growth stage
3

R5). Indeterminate flowering cultivars tend to be more clustered. Soybean varieties
within Groups V to X are mostly have a determinate growth habit. At flowering,
vegetative growth ceases in determinate soybeans. However, in recent years, the division
of maturity groups has become less distinct, as there are now several indeterminate MG
V and indeterminate and MG IV varieties. Though determinate varieties have a
comparatively short period of flowering on the main stem (~3 weeks), the entire
flowering period is closer to that of indeterminate varieties due to extended flowering
along branches (Purcell et al., 2014). In general, determinate soybean varieties are
adapted to a long growing season, in which the soybean plant completes vegetative
growth before or shortly after flowering is initiated.
1.4

The Stages of Soybean Growth and Development
The life-cycle of soybean is separated into two major developmental phases,

vegetative and reproductive. The duration between the growth stages is controlled by
genetics, temperature, day length, soil moisture conditions, and plant nutrition. The
vegetative stage is initiated at emergence and is described according to how many many
fully developed trifoliate leaves are present. Apart from the earliest two growth stages,
i.e., VE-cotyledons have been pulled through the soil surface and VC-Unfolding of the
unifoliate leaves, each vegetative stage is designated with a V followed by a number. As
an example, V1 is for first trifoliate; one set of unfolded trifoliate leaves. This
nomenclature represents the number of nodes on the main stem with a fully developed
leaf. The reproductive phase begins when a single flower opens, i.e., R1, anywhere on the
main stem and includes pod development, seed development, and plant maturation. The
earliest formed flowers will be fertilized first and will form the first pods. Once pods
4

have formed and expanded to their maximum size, seed growth hastens, and seeds begin
to fill the pod cavity. Seed growth continues until the plant reaches physiological
maturity, R8, where 95 percent of the pods are mature in color.
1.5

Climate Change and Soil Moisture Stress
Drought is the most significant abiotic stressor affecting soybean yield loss in the

United States, and the adverse effect of drought stress on grain is expected to increase
over the coming decades. Soil moisture stress induces many morphological, biochemical,
and physiological changes and influence various cellular and whole plant processes that
affect soybean grain yield and quality. Projections from numerous climate change models
suggest that drought frequency and intensity will increase in several soybean growing
regions in the United States (You need citations).
The importance of irrigation will continue to grow across the mid-southern USA
as the duration and intensity of drought stress increases. For the higher cop productivity,
changes between rainfall and potential evapotranspiration must be provided by irrigation
especially at the reproductive stage. As soil moisture stress episodes are remarkably
aggravated, in recent years, greater importance has been directed to research on the
unfavorable effects of drought and standing water on yields. Also, the producers have
adopted water management as an important component in their crop production practices
to overcome those undesirable water effects (Scott et al., 1998).
1.6

Effects of Soil Moisture Stress on Soybean Growth and Development
Plant growth and development are influenced by interactions among soil moisture

levels and morph-physiological factors including mineral uptake, cell division and
5

expansion, photosynthesis, respiration, and protein synthesis (Boyer, 2004). Soil moisture
stress in crops occurs when the soil water potential causes the turgor pressure in cells to
decrease (Ku et al., 2013). Drought stress in plants typically does not occur rapidly but,
rather, progresses slowly and intensifies with time. Therefore, time plays a critical role in
the ability of plants to remain productive in environments wihen soil moisture is not
adequate.
The physiological and morphological effects of drought stress on soybean have
been primarily evaluated in growth chamber, greenhouse, and field conditions. Relative
to growth chambers, greenhouses only marginally simulate field conditions (DaMatta and
Ramalho, 2006). For example, light levels in greenhouses are typically lower than that in
growth chamber and field environments and it is impossible to control while humidity
and temperature control within a greenhouse is lacking. This will encounter issues
especially during hot summer days in which the temperature can reach to values as high
as 45°C or more in the afternoon. During such days evaporative demand may strongly
rise due mainly to increased temperature so the controlling moisture levels is really
challenging and may not accurate (DaMatta, 2003). On the other hand, growth chamber
studies like in Soil Plant Atmosphere Research (SPAR) units allow transmitting 97% of
the visible solar radiation creating an environment similar to the natural field conditions.
These units have the ability to fully control CO2, temperature, and humidity, and permit
to maintain different soil moisture levels throughout the experiment. Therefore, the
results and outcomes will be unique and much more reliable compared to greenhouse
house experiments.
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1.6.1

Soybean Seed Germination and Seedling Emergence
Germination is one of the most significant stages in the plant life cycle that

determine the efficient use of the nutrients and water resources available to plants
(Benitez et al., 2014). Soybean seed germination is referred to as “epigeal” as cotyledons
are drawn above the soil surface. Soybean germination begins with the seed imbibing
approximately 50% of its weight in water followed by the development of the radicle and
emergence of the cotyledons. Imbibition of water by seed and the various processes in
seed germination such as enzyme metabolism, radicle and plumule emergence, and
elongation are dependent on the availability of soil water.
In-vitro germination in moisture stress environments may be indication of drought
resistance under field conditions and could be screened using polyethylene glycol (PEG)
(Richards, 1978). For example, Khakwani et al. (2011) noted that among the six varieties
of wheat exposed to drought stress there was a positive correlation between in-vitro
germination and germination under field conditions. Polyethylene glycol solutions are a
low molecular weight osmolyte with limited metabolic interferences in plants (Hohl and
Schopfer, 1991). Thus, PEG can be used to simulate drought stress during in vitro seed
germination tests as illustrated in the case of switch grass (Seepaul et al., 2011), cowpea
(Murillo-Amador et al., 2002), pastures (Sharma, 1973), and oat (Willenborg et al.,
2005).
1.6.2

Soybean Root Growth
Plants roots are the first organ exposed to soil moisture stress. The soybean root

system has three morphologically distinct components: the taproot which originates as
the radicle from a germinating seed, lateral roots that emerge from the taproot, and the
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tertiary roots which originate from the lateral roots (Lersten and Carlson, 2004). The
depth of the taproot tip is the maximum rooting depth. The root length of all three root
types at any given soil depth, are determined by soil moisture, texture, and temperature
(Glinski and Lipiec, 1990).
Soil moisture content can have an effect on root characteristics and be indicative
of drought tolerance in soybeans. Root traits including distribution, dry matter, and length
have served as indicators of tolerance to drought stress in soybeans (Yee-Shan et al.,
2013). Garay and Wilhelm (1982) noted that under periodic drought, the root mass in the
deep soil profile was positively correlated with soil moisture content. Under soil water
deficit the potential for absorption of water was enhanced by increasing the number of
lateral roots and, consequently, total root surface area (Osmont et al., 2007). Thus, the
proliferation of root mass under drought conditions due to the increased number of lateral
roots improved the plant water status, which is essential to support biomass production
and yield under low soil moisture conditions. To our knowledge, there is a paucity of data
pertaining to the phenotyping of soybean root architecture under different soil moisture
stress conditions.
1.6.3

Effects of Drought Stress on the Growth of Soybean During Vegetative
Stages
Among all the abiotic stress factors, water availability is the primary factory

limiting soybean production. Typically, soybeans use 0.2-0.25 inches of water/ac./day
during peak demand (flowering through pod filling), and as much as 20 to 25 inches per
growing season (Thomas and Blaine, 2014). Drought stress during vegetative stages can
retard growth and have an adverse effect on yield. Cell growth and division are the two
8

primary processes involved in plant growth. When compared to cell growth, cell division
is considered to be less sensitive to moisture stress. However, even before respiration and
photosynthesis is affected, both cell division and cell enlargement can be influenced by
moderately mid soil moisture stress (Prasad et al., 2008). According to Desclaux et al
(2000), soil moisture stress reduced the number of nodes in soybean which is a result due
to the reduction of main stem height and decreased node emergence rate. Soil moisture
stress was found to reduce the rate of leaf initiation in the shoot apex (Clough and
Milthorpe, 1975) and causes a decrease in cell division in the leaf (Mutsaers, 1983).
Reduction in leaf area is also reported as a convenient morphological trait for measuring
soil moisture stress experienced by the plant (O’Neal et al., 2002). Both the diminished
cell expansion and inhibition of cell division contributed to a fewer cells per leaf and loss
in leaf area depending on the developmental stage at which the leaf was stressed (Alvas
and Setter, 2004). Unremitting soil moisture stress can hasten leaf senescence and lead to
death of leaf tissue resulting in leaf drop of old or mature leaves (de Souza et al., 1997).
Loss of leaf area is often served as a drought-avoidance mechanism as reduction in leaf
area can help limit further water loss. On the other hand, decreased leaf senescence under
soil moisture stress is characterized as a tolerance mechanism, particularly to post
flowering drought that occurs during grain-filling stages (Prasad et al., 2008).
Soil moisture stress can have an effect on physiological, biochemical, and
molecular components of photosynthesis. Soil moisture stress can effect photosynthesis
by impairing metabolic activities or either through pathway regulation by stomatal
closure and decreasing flow of CO2 into mesophyll tissue (Chaves et al., 2003; Ort et al.,
1994; Flexas et al., 2004; Farquhar et al., 1982)). The impairment of ATP synthesis,
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decreased Rubisco activity (Parry et al., 2002), decline in regeneration of ribulose
bisphosphate (RuBP) and ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco)
protein content (Bota et al., 2004) and decreased inorganic phosphorus are the main
metabolic changes reported under soil moisture stress. Decreased stomatal conductance is
the primary cause of decline in photosynthesis during the initial onset of soil moisture
stress (Cornic, 2000). At later stages with increasing severity, drought stress causes tissue
dehydration, leading to metabolic impairment. Soil moisture stress has been shown to
cause increases in internal CO2 concentration (Ci) (Siddique et al., 1999; Kicheva et al.,
1994). In some studies, it was reported that nonstomatal limitation may occur first,
causing a temporary increase in Ci, which causes stomata to close (Briggs et al., 1986).
However, according to recent studies, both diffusive limitation through stomatal closure
and nonstomatal limitation (such as oxidative damage to chloroplast) are responsible for
decline in photosynthesis under soil moisture stress (Zhou et al., 2007).
1.6.4

Soybean Reproductive Growth
Soybean is most sensitive to drought stress during reproductive growth stages. .

Moisture stess at R2 or R4 reduced soybean yield significantly (Brown et al 1985). In an
in-depth analysis of drought stress effects on soybean, Eck et al (1987) reported 45% and
88% yield reduction in two consecutive years when drought stress was applied
throughout the seed development period. In a 3 year study assessing yield enhancement
by irrigation, Korte et al (1983) performed an experiment irrigated at different
developmental stages (one stage or different stages in combination), including the
flowering stage (R1-R2), the pod elongation stage (R3-R5), and the seed enlargement
stage (R5-R6) reported that yield was sensitive to the enhancement by irrigation, at pod
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elongation stage (R3-R4) and the seed enlargement stage (R5-R6). A greenhouse
experiment, designed to evaluate the effects of drought stress on soybean seed yield,
found that the reduction of seed yield mainly due to the reduction of seed number and
drought stress affects the seed yield to a larger extend than seed quality (Dornbos et al.,
1989). This observation is supported by Vieira et al (1992) and he reported that drought
did not result in production of seeds with reduced vigor, except for those shriveled, flat,
and underdeveloped seeds.
Soybean seeds are rich in protein and oil and those are the parameters which
determine the nutritional value of soybean. Soybean seed protein content in general
negatively correlated with the amount of seed oil (Chung et al., 2003). In a 6-year field
experiment conducted using 60 soybean cultivars and breeding confirmed the negative
correlation between seed protein and seed oil contents. Also, in a greenhouse experiment,
Dornbos and Mullen (1992) reported a 4.4% increase in protein content and 2.6%
decrease in oil content under severe drought stress condition. Soybean seeds are also rich
in isoflavones, a group of secondary metabolites revealing estrogenic, antifungal, and
antibacterial activities (Eldridge and Kwolek, 1983). The level of isoflavones is also
reported to be affected by soil moisture stress during seed development (O’Neal et al.,
2002). Therefore, it is really important to observe responses to soil moisture stress at
reproductive stages through examining different parameters to achieve maximum yield
potential of soybean crop.
1.7

Screening for Soil moisture Stress Tolerance
Selection of plants with drought tolerance is critical for enhancing yield under soil

moisture stress. In order to get more precise and reliable data, a controlled and uniformly
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repeated simulation of drought conditions should be achieved. Growth chambers like
SPAR facility will fulfill this requirement more successfully compared to greenhouse or
typical indoor growth chambers. Also, different in-vitro screening methods are required
to identify moisture stress-resistance traits and to select drought-resistant genotypes.
According to the recent studies, various morphological, physiological, and gas
exchange traits have been used to monitor responses of agriculturally important crops
including cotton (Lokhande and Reddy, 2014), corn (Wijewardana et al., 2015, 2016),
and sweetpotato (Gajanayake et al., 2013, 2015) under different abiotic stresses. These
include several physiological parameters such as loss of chlorophyll and carotenoid
pigments, photosynthetic rate, stomatal conductance, and chlorophyll fluorescence to
study plant tolerance to soil moisture stress. These traits have been considered as good
indicators of the response of plants to soil moisture stress studies.
PEG-based in-vitro screening for drought tolerance has also been proven to be a
suitable method to effectively screen large sets of germplasm with good accuracy
(Kulkarni and Deshpande 2007). To our knowledge, phenotyping of root characteristics
including traits such as root angle, root diameter, length, surface area, tips and forks have
not been widely used to select for superior root systems in soybean under soil moisture
stress. The following studies were therefore, undertaken to characterize soil moisture
stress-induced changes in soybean from seed germination to seed quality and yield under
different soil moisture stress conditions in order to determine whether different traits can
be linked with plant performance under soil moisture stress, with a view to identifying
soil moisture stress-tolerant soybean cultivars.
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Previous studies have been studied mostly only one component, either
morphology of roots, vegetative growth, physiology, reproductive stages, yield, or seed
quality of soybean plants under different abiotic stress conditions. Less attention has been
paid to understand whole plant responses to different moisture stress levels. Also, no
information is available on the pod distribution patterns across different soil moisture
levels of soybean crop and maternal stress effects on soybean offspring across multiple
generations.
Although the consequences of soil moisture stress on vegetative or physiological
processes within generations are relatively well revealed in soybean, much less is known
about transgenerational effects. Therefore, in this study, both morpho-physiological traits
were studied for vegetative and reproductive stages correspondingly to identify genotypic
variation of two contrasting soybean cultivars in response to different soil moisture stress
levels along with the alterations in seed vigor and phenotypic traits over the next
generation. A better understanding of the morphological and physiological traits will be
vital to researchers to develop a model based decision support system, capable of
predicting yields, based on soil moisture variables.
1.8

Overall Goal and Specific Objectives
Understanding the physiological response of plants to drought stress must be

elucidated if we are to support plant breeders in selection programs. The overall goals of
this study were to model the effects of soil moisture stress on vegetative and reproductive
growth of soybean. The specific objectives of this research are as follows:


quantify the effects of osmotic potential on the germination of soybean
seed,
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determine if the root and gas exchange traits of determinate and
indeterminate soybean cultivars respond differently to drought stress,



determine if the physiological, reflectance, and gas exchange traits of
determinate and indeterminate soybean cultivars respond differently to
drought stress



quantify differences in yield and yield components between determinate
and indeterminate soybean cultivars exposed to drought stress,



determine the effect of drought stress during the R stages on seed quality
parameters including protein, oil, fatty acids, sugars, and macro- and
micro-nutrients, and



quantify the transgenerational effects of drought stress on seedling growth
and development in the F1 generation of determinate and indeterminate
soybean cultivars.
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CHAPTER II
SOYBEAN SEED GERMINATION RESPONSES TO IN VITRO OSMOTIC STRESS
2.1

Abstract
Germination is the most crucial stage for seedling establishment, and success

in this stage is dependent on the availability of soil moisture. This research was
conducted to determine if osmotic potential has a differential effect on the
germination of determinate and indeterminate soybean cultivars, Asgrow AG5332
and Progeny 5333RY. Seeds were incubated at 25°C at six different osmotic
potentials regulated with polyethylene glycol ranging from 0.0 to -0.9 MPa. For both
cultivars, maximum seed germination and seed germination rate were negative
correlated with osmotic potential. However, Progeny P5333RY was more tolerant to
adverse osmotic potentials than Asgrow AG 5332. Our data indicate that soybean
cultivars respond differently to adverse osmotic potentials during germination, and
that cultivar-specific algorithms could be used to model seed germination under
variable moisture conditions.
2.2

Introduction
Soybean, Glycine max (L.) Merr., is one of the most important oilseed crops in the

world, which contributes about two-thirds of the world’s protein concentrate for livestock
feeding. Last year, USA was the leading country with 116 mt (million metric tons) of
soybean production, followed by Brazil (107 mt), Argentina (57 mt), and China (14 mt)
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(USDA, 2017). Sustainability of soybean yields is, however, threatened by insufficient
rainfall and/or changes in the precipitation patterns over many parts of the world.
Understanding and quantifying the drought stress effects at different soybean growth
stages are therefore required to environmental threats to protein and food security.
Drought is the primary environmental factor contributing to soybean yield loss
worldwide. Drought decreases soybean seed germination (Heatherly, 1993), leaf area
production (Frederick et al., 2001; Khan et al., 2014), leaf gas exchange (Farooq et al.,
2009), N2 fixation (Kunert et al., 2016), flower production (Brevedan and Egli, 2003),
pod growth (Orlowski et al. 2016; Westgate and Petrson, 1993), seed number (Board,
1987; Dornbos, 1989), seed size (Wijewardana et al., 2018a), the length of the seed fill
period (Brevedan and Egli, 2003), and seed quality (Bellaloui et al., 2012; Wijewardana
et al., 2018b). All of these processes are either directly or indirectly related to soybean
yield; however, the sensitivity of these processes vary depending on the severity of the
drought stress and growth stage of the plant.
Of the aforementioned processes, germination is arguable the most critical period
in the life cycle of soybean because affects seedling vigor and canopy establishment.
Interactions between genetics and environmental variables including soil moisture are
known to impact the germination of soybean (Mitchel et al., 2017. Optimum soil
moisture conditions are necessary for imbibition, enzyme activation, embryo stimulation,
reserve mobilization, and plumule emergence and elongation (Bewley and Black, 1994;
Zeid and Shedeed, 2006). Therefore, extreme and fluctuating moisture conditions have
adverse effects on the germination process.
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The percentage of seeds germinated and the germination rate under adverse
moisture conditions are indicators of vigor. Low seed germination is often caused by
limited water adverse soil moisture conditions, and several have reported on the effects of
drought stress on the germination of important crops including rice (Oryza sativa L.)
(Singh et al., 2017), switchgrass (Panicum virgatum L.) (Seepaul et al., 2012), lentil
(Lens culinaris L.) (Muscolo et al., 2014), wheat (Triticum aestivum L.) (Faijunnahar et
al., 2017), barley (Hordeum vulgare L.) (Al-Karaki, 1998), and oat (Avena sativa L.)
(Willenborg et al., 2005). Yet, there is a paucity of data regarding the effects of osmotic
stress on the germination of soybean seed.
Germination tests are often used as a screen to select drought tolerant germplasm.
Imbibition begins seed germination by stimulating dormant, dry, and inactive seed
thereby initiating embryonic growth. The germination process is dependent on three main
factors including water availability; seed composition, and seed coat permeability (FinchSavage and Leubner-Metzger, 2006). As soon as seeds become imbibed, enzymes are
activated metabolic changes are initiated. Hydrolytic enzymes in the endosperm begin
transforming carbohydrates, lipids, and proteins, and into energy molecules that can be
readily utilized by the growing embryonic axis. Seed germination is complete when the
radicle is visible.
To increase the level of environmental control, osmotic effects on seed
germination are typically determined in controlled environments using polyethylene
glycol (PEG) (Faijunnahar et al., 2017; Muscolo et al., 2014; Seepaul et al., 2011: Singh
et al., 2018). PEG is an inert, water-soluble, osmotic medium capable of penetrating the
cell wall, yet without having any adverse effect on germination. PEG mimics water
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deficit conditions in germinating seeds in a similar manner to the seeds growing under
true drought conditions (Ahmad et al., 2007). Exposing seeds to in-vitro conditions of
low osmotic potential simulated with PEG is a suitable criterion to screen crop species for
drought tolerance (Muscolo et al., 2014). Therefore, germination studies with PEG could
be used to screen for drought tolerance in soybean.
Regression analysis could be used to model and differentiate the effects of
osmotic potential on the germination of soybean cultivars. Specifically, germination data
could be fitted to non-linear models to predict maximum seed germination (MSG), time
to 50% germination (t50), and seed germination rate (SGR) to begin elucidating the
genotypic variability among different crop species. Generally, MSG and SGR are
inversely correlated to osmotic potential, but there are obvious differences among
cultivars (Seepaul et al., 2012; Singh et al., 2017). Recently, Dantas et al., (2017), have
conducted an in-vitro soybean seed germination study to determine the characteristics
that promote the discrimination of thirteen genotypes with regard to water stress tolerance
during seed germination simulating three levels of osmotic potentials. However, they
have evaluated only the percentage of germination along with some other variables
related to the dynamics of reservations. Nevertheless, quantitative hydro-time models
estimating seed germination rate, maximum osmotic potential when seed germination
was zero (MSGOPmax) and maximum osmotic potential when seed germination rate was
zero (SGROPmax) are some of the key germination based parameters that elucidate the
response of seeds to osmotic stress (Singh et al., 2017). Moreover, only few studies have
reported the effects of mineral composition and the differences in the nutrient profile in
germinating seeds on seed germination properties. Therefore, understanding the chemical
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composition and the effects of osmotic stress on different seed germination properties of
soybean may assist in developing successful germination models that aim to study the
physiology of seeds in response to water stress.
In order to explore the relationships between drought stresses and germination of
soybean seeds, we designed an experiment to simulate drought stresses using PEG. The
objective of this study was to quantify the effect of osmotic potential on the seed
germination rate of the two soybean cultivars with distinct growth habits in order to
understand the germination responses to in-vitro osmotic stress. The seed germination
and drought stress-dependent functional algorithms developed from this study could be
useful to improve the functionality of soybean seed germination crop models for field
applications.
2.3

Materials and Methods

2.3.1 Seed Germination
The experimental design was a completely randomized 2 by 6 factorial with four
replications of each treatment. The first factor was soybean cultivar and included
maturity Group V lines with differing growth habits, indeterminate type, Asgrow AG
5332 and determinate type, Progeny P5333RY. The second factor was osmotic potential
and included 0.0, -0.1, -0.3, -0.5, -0.7, and -0.9 Mpa. Prior to initiating the germination
experiment, seeds were treated with Captan 50-WP (cis-N-[{trichlormethyl}thio-4-cyclohexane-1,2-dicarboximide]) at the rate of 2.5 g kg-1 to avoid fungal infection during the
test period. The six levels of osmotic potential were developed polyethylene glycol (PEG,
molecular weight 8000 Sigma-Aldrich Company, St. Louis, MO, USA) as previously
described (Michel 1983). In short, one-hundred seed per replicate were arranged on a
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moistened single-layer paper towel in a covered, sterilized plastic tray to minimize
evaporation. The paper towels were moistened with PEG 8000 and additional solution
was added as needed. The incubator was set at 25°C, the optimum temperature for
soybean germination (Butler et al., 2015). The plastic trays were vertically stacked inside
the incubator and rearranged every 4 h to minimize the effect of micro-climate on
germination. Seeds were considered germinated when the radicle length exceeded half of
the seed length. Germinated seed were counted and discarded. Counts were discontinued
when no seeds germinated for five consecutive days.
2.3.2 Measurement of Seed Minerals
Twenty five grams of the seeds from each cultivar were ground using Wiley Mill
(Wiley Mill, Thomas Scientific, NJ, USA) by passing through a 1-mm screen. The
concentrations of nitrogen (N), phosphorus (P), potassium (K), Calcium (Ca),
Magnesium (Mg), Zinc (Zn), Copper (Cu), Boron (B), Iron (Fe), and Manganese (Mn)
were determined in the ground seed materials at the nutrient testing laboratory,
Mississippi State University, MS, USA using standard protocols (Plank, 1992).
2.3.3 Curve Fitting Procedure and Data Analysis
Osmotic potential and germination time-course data were fitted with a 3parameter sigmoidal function (Eq. 1) using SigmaPlot 13 (Systat Software Inc., San Jose,
CA, USA) to estimate the cumulative seed germination percentage, a time to reach 50%
of maximum germination, and the shape and steepness of the curve.
Y=MSG/{1+exp〖 [-(t-t50)/Grate]}〗

Eq. 1
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where Y is the cumulative seed germination percentage; MSG is the maximum seed
germination percentage; t50 is the time to 50% maximum seed germination; and Grate is
the slope of the curve (Seepaul et al., 2011).
Seed germination rate and maximum seed germination responses to osmotic
potential were analyzed using linear (Eq. 2) and quadratic (Eq. 3) regression functions for
both cultivars. Based on the highest coefficient of determination (r2), the best curve
fitting model was obtained (Seepaul et al., 2011); therefore, SGR was modeled by a
linear function while MSG was modeled using a quadratic function. These model
functions provided regression constants to estimate maximum osmotic potential when
seed germination was zero (MSGOPmax) (Eq. 4) and maximum osmotic potential when
seed germination rate was zero (SGROPmax) (Eq. 5) (Singh et al., 2017):
SGR=a+bx

Eq. 2

MSG=a+bx+cx2

Eq. 3

MSGOPmax= -b-(√(-b2)-4ac)/2c

Eq. 4

SGROPmax= -a/b

Eq. 5

where x is the treatment osmotic potential, and a and b are cultivar-specific equation
constants generated using regression functions in SigmaPlot 13.
Analysis of variance (ANOVA) was performed to determine the differences
among the cultivars for the mineral composition using SAS (SAS Institute 2011, Cary,
NC, USA). Further, replicated values of MSG and t50 were analyzed using PROC GLM
procedure of SAS to determine cultivar effect, treatment effect, and cultivar × treatment
interactions for these traits. In addition, the replicated values of SGROPmax and
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MSGOPmax, estimated from linear and quadratic functions, were analyzed using the
same procedure of SAS. Means were compared using Fisher’s protected least significant
difference at P<0.05 probability.
2.4

Results and Discussion
In this study, we evaluated two soybean cultivars with distinct growth habits for

tolerance to drought stress during the seed germination growth stage. Few have
researched the effects of drought stress as simulated by PEG on the germination of
soybean seeds (Dantas et al., 2017; Kosturkova et al., 2014), although a few have noted
the effects of osmotic potential as regulated by mannitol or NaCl on the germination of
seeds other than soybean (Braga et al., 2017; Kpoghomou et al., 1990). Many studies
mostly confined to the assessment of temperature and salinity stress effects on soybean
seed germination (Egli et al., 2005; Kargar and Kareh, 2016; Kumar, 2017). Moreover,
there are available studies on using PEG as osmo-regulant looked at either seed
germination responses at one or two osmotic stress levels (Kosturkova et al., 2014) or
only few seed germination traits such as percentage of germination and dynamics of
reservations (Dantas et al., 2017). None of those studies reported SGROPmax and
MSGOPmax along with MSG and SGR to best quantify the response of soybean seed
germination to osmotic stress. Therefore, the functional algorithms reported in this study
between soybean cultivars and osmotic stress during seed germination could be useful to
improve the functionality of soybean models under field conditions.
2.4.1 Germination Time Courses
The cumulative percent germination is a measure of the total viability of an
accession of seeds, while germination time course data offers inside into both viability
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(the capability of seeds to germinate under ideal conditions) and vigor (the ability of
seeds to germinate under stress conditions). Cultivar and osmotic potential interacted to
have an effect cumulative germination and the rate of germination. Cumulative percent
germination and the germination rate were inversely correlated with PEG concentration
drought stress, with the effects being greater for cultivar A than cultivar B. (Fig. 2.1).
The reduction in the percent germination was attributed to lower kinetic in the water
absorption across the seed coat. Moreover, water soluble PEG caused a reduction in
water potential in the surrounding environment, leading to less water absorption capacity
of the seed and consequent decrease in enzyme activity and seed germination (Pires et al.,
2016). The highest germination percentage was observed at the 0.0 MPa (control) PEG
concentration (98%) for Asgrow AG5332 cultivar, and it was reduced to 90% when the
osmotic potential decreased from 0.0 to -0.1 MPa (Fig. 2.1A).
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Figure 2.1

Germination time course of two soybean cultivars at a range of osmotic
potentials (0.0 to -0.9 MPa).

Symbols represent (mean ± SE, n=4) observed cumulative germination data and lines
indicate germination time course fitted using 3-parameter sigmoidal function.
Under control condition (0.0 MPa) Progeny P5333RY showed a 97% cumulative
percent germination, and it was reduced to 93% when the osmotic potential decreased
from 0.0 to -0.1 MPa (Fig. 2.1B). The germination percentage at the -0.3, -0.5, and -0.7
MPa osmotic potential was 86, 76, 62% for Asgrow AG5332 and 90, 87, 53% for
Progeny P5333RY, respectively. The seeds germinated more often and vigorously under
mild osmotic stress (-0.1, and -0.3) than heavy stress (-0.5, -0.7, and -0.9 MPa). A

24

significant decline in the cumulative percent germination was recorded at -0.5 MPa
osmotic potential for both the cultivars, indicating that -0.3 MPa is the threshold value for
the good germination of soybean seeds. In a seed germination test with PEG 6000,
Dantas et al. (2013) reported -0.2 MPa as the most efficient osmotic potential for the
expression of genetic variability among soybean cultivars, which was much lower than
the potential identified in the present study. However, they have used a lower molecular
weight PEG type compared to the present study. Moreover, no seeds germinated at the 0.9 MPa osmotic potential in Asgrow AG5332 cultivar (Fig. 2.1A), which indicated that 0.9 MPa is the lowest osmotic potential for its germination. However, soybean cultivar
Progeny P5333RY exhibited 21% cumulative percent germination even at -0.9 MPa
osmotic stress (Fig. 2.1B) showing a little tolerance to drought compared to Asgrow
AG5332 cultivar.
2.4.2 Maximum Seed Germination
Maximum seed germination is the parameter that determines the maximum
germination potential of a seed under the given condition. Typically, MSG could vary
due to seed quality (Ellis et al., 1987), changes in the seed maturation environment
(Fenner, 2008), and time from harvest to seeding (Jenson and Boe, 1991). In the present
study, analysis of variance revealed significant osmotic stress and cultivar × osmotic
stress interaction (P < 0.001) on maximum seed germination (MSG) (Table 2.1). In
addition, the MSG percentages varied significantly among the two soybean cultivars
(Table 2.1, Fig. 2.2A). Among the linear and quadratic regression models tested, the
quadratic function best described the response of MSG to osmotic potential (mean r2 =
0.97). Asgrow AG5332 had the highest MSG (96%) compared to Progeny P5333RY
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(93%) under 0.0 MPa osmotic potential. At the next increment of osmotic potential (-0.1
MPa), MSG declined to 91 and 93% for Asgrow AG5332 and Progeny P5333RY,
correspondingly. No significant differences were observed between the two soybean
cultivars for MSG at 0.0, -0.1, and -0.3 MPa osmotic potentials, however, at higher
osmotic stress levels, MSG differed significantly.

Figure 2.2

Osmotic potential effects on maximum seed germination and seed
germination rate of two soybean cultivars.

Symbols (mean ± SE, n=4) represent (A) recorded maximum seed germination and lines
are fitted using quadratic functions, and (B) derived seed germination rate and lines are
fitted using linear functions.
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Table 2.1

Analysis of variance across the two soybean cultivars, treatments, and their
interactions.

Source

MSG (%) t50 (d)

SGR (d-1)

Cultivar effect (CUL)

¶***

***

***

Treatment effect (TRT)

***

***

***

CUL× TRT

***

***

***

¶*** represent Significance levels at P ≤ 0.001. Cultivars (CUL), osmotic potential
treatments (TRT), and their interactions (CUL × TRT) with maximum seed germination
(MSG), time to 50% germination (t50), and seed germination rate (SGR).
The MSG at the -0.5, -0.7, and -0.9 MPa osmotic potentials was 76, 62, 0% for
Asgrow AG5332 and 87, 53, 21% for Progeny P5333RY, respectively. Both the cultivars
showed a similar decreasing response as osmotic potential decreased (Fig. 2.2A) which
could be due to reduced imbibition of water by seed under osmotic stress for the proper
embryo growth. Moreover, the MSG response patterns towards osmotic potential
observed in this study are consistent with seed germination response patterns of other
plant species such as switchgrass (Seepaul et al., 2012) and rice (Singh et al., 2017).
Differences in MSG response slopes between the two cultivars indicated that Asgrow
AG5332 may be more sensitive to changes in osmotic potential than Progeny P5333RY.
2.4.3

Seed Germination Rate
The knowledge of germination rate of a particular seed under given water

potential is a key to understand how well that seed will perform under field condition at
similar water potential. The rate of seed germination is an essential factor to the survival
of a crop species under water limited conditions. If the seed has a slower germination, the
radicle will be in touch much longer with the soil letting the seed to be contaminated with
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soil microorganisms (Pires et al., 2017). With a rapid germination, the chance of survival
is much higher in terms of rapid resource exploration and successful stand establishment.
In the present study, the linear regression model best described the relationship between
SGR and osmotic potential (mean r2 = 0.95). Seed germination rate decreased
significantly in relation to the drought stress caused by PEG. Similar to MSG,
germination rate was different between the two soybean cultivars (Fig. 2.2B). At control
(0.0 MPa), SGR ranged from 0.65 d-1 to 0.69 d-1 for Asgrow AG5332 and Progeny
5333RY, respectively. When the osmotic potential decreased from 0.0 to -0.1 MPa, SGR
decreased to 0.59 and 0.60 d-1 for Asgrow AG5332 and Progeny 5333RY. Further, the
seed germination rate at the -0.3, -0.5, and -0.7 MPa osmotic potential was 0.49, 0.47,
0.27 d-1 for Asgrow AG5332 and 0.55, 0.41, 0.25 d-1 for Progeny P5333RY,
correspondingly. Since, there was no seed germination at the extreme PEG concentration
(-0.9 MPa), SGR was 0 d-1 for Asgrow AG5332 cultivar, however, Progeny 5333RY
showed a 0.17 d-1 of SGR. Seed size and the storage reserves are the two main
components that can affect seed germination rate (Aiken and Springer, 1995; Longer,
1986). Many studies have related seed size to total germination and germination rate.
Larger, heavier seeds often have greater germination rate and emergence than small
lighter seeds (Aiken and Springer, 1995; Seepaul et al., 2012). The heavier soybean seeds
with the higher content of cotyledonary reserves were able to provide energy more
rapidly to germinating seed, which in turns increase the germination rate and seedling
emergence (Longer, 1986). In agreement with these observations, the present study
demonstrated a positive relationship between seed weight and germination rate in
soybean seeds. Even though, there was no significant difference among the cultivars for
28

seed weight (Table 2.1), Asgrow AG5332 (0.17 g seed-1) had lighter seeds compared to
Progeny P5333RY (0.18 g seed-1).
2.4.4

Parameter Estimates
Seeds germinate when water potential reaches a critical physiological level in the

seed. To study the physiology of seeds, several successful models have been developed
using quantitative data between osmotic potential and maximum seed germination and
seed germination rate. In this study, the parameter estimates, maximum osmotic potential
when MSG was zero (MSGOPmax) and maximum osmotic potential when SGR was zero
(SGROPmax) were obtained from the regression constants derived by the linear and
quadratic model functions of SGR and MSG. When seed were placed to germinate at
reduced osmotic potentials, a delay in the germination dynamics took place together with
a lower MSG and SGR. The values of the osmotic potential where the MSG and SGR
were zero give an indication of cultivar’s critical germination potential at the given
osmotic stress. In other words, that is the lethal osmotic potential where we would expect
zero MSG and SGR. The knowledge of seed critical osmotic potentials is essential for
seed conservation under limited water conditions as well as during drying and storage.
According to our observations, two soybean cultivars varied significantly for
MSGOPmax and SGROPmax, which ranged from -0.99 to -0.93 MPa and -1.17 to -1.05
MPa for Progeny P5333RY and Asgrow AG5332, respectively (Table 2.2). This
information suggests that Progeny P5333RY exhibits a higher osmotic stress at which
MSG and SGR become zero or in other words it has a higher tolerance to drought
compared to Asgrow AG5332 cultivar at the seed germination stage.
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30

0.18

Asgrow
AG5332

Progeny
P5333RY

a

92.75

90.94

†96.25* 90.55

MSG
(%)

-51.78

-57.00

b

-144.29

-167.01

c

(MPa)

0.98 -0.99*

0.95 -0.93

r2
b

r2

(MPa)

SGROPmax

0.69 0.59 0.99 -1.17*

0.69 0.66 0.91 -1.05

a

Equation
MSGOPmax constants

† Values within column followed by the * are significantly different at the 0.05 level. Individual seed weight, maximum seed
germination (MSG), quadratic equation constants (a, b, c), coefficient of determination (r2) for MSG, estimated maximum
osmotic potential when seed germination was zero (MSGOPmax), linear regression constants (a, b), coefficient of
determination (r2) for seed germination rate, and estimated maximum osmotic potential when SGR was zero (SGROPmax) of
the two soybean cultivars.

0.17

Cultivars

Equation constants

The estimated seed germination based parameters

Seed
weight
(g seed-1)

Table 2.2

2.4.5

Seed Mineral Composition
Both genotype and the environment had an effect on the concentation of minerals

in the seed. Seed are mainly composed of two fractions, the embryo, which represents
approximately 91% of the dry matter, and the seed coat, which consists of 9% of the
entire dry matter (Moraghan and Grafton, 2001). In the seeds of common beans, most of
the Ca is in the seed coat (84%), while more Fe, K, and Zn are in the embryo (Moraghan
and Grafton, 2001). Seed mineral content can be correlated with the mass of the seeds
and germination (Ribeiro et al., 2012). According to Smiciklas et al. (1989), soybean seed
Ca concentration was positively correlated with seed germination while P, Fe, Zn, N, B,
and Mg were negatively correlated. In the present study, the two soybean cultivars
showed a significant difference for Ca and Fe (Table 2.3), however, other macro and
micronutrients were not considerably different. Overall, the soybean cultivar Progeny
P5333RY showed higher N, K, Mg, Ca, Mn, Zn, and Cu contents compared to Asgrow
AG5332. The indeterminate type Asgrow AG5332 showed higher Fe and B contents
compared to determinate Progeny P5333RY cultivar. In accordance with previous
findings, Progeny P5333RY that had higher Ca, P, K, and Mn exhibited a positive
correlation with MSG and SGR, whereas, Asgrow AG5332 with higher Fe and B content
in the seed showed a slower seed germination rate.
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6.79

Progeny P5333RY

0.78

0.78

P

2.71

2.26

g kg-1

K

0.57*

0.49

Ca

0.33

0.30

Mg

mg kg-1

Mn

66.33

30.00

90.00** 27.00

Fe

44.00

40.00

Zn

2.00

1.00

Cu

33.00

35.00

B

† Values are means of four replicates at P = 0.05 level; values within column followed by the * and ** are significantly
different at the 0.01 and 0.05 level. Nitrogen (N), phosphorous (P), potassium (K) calcium (Ca), magnesium (Mg), iron (Fe),
manganese (Mn), zinc (Zn), coper (Cu), and boron (B).

6.76†

Asgrow AG 5332

N

Soybean seed mineral composition

Cultivar

Table 2.3

2.5

Summary
This study allowed a wide characterization of soybean seed responses to water

availability and osmotic stress. The soybean seed germination was affected by increased
osmotic stress and as with most of the other crop species, maximum seed germination
and seed germination rate decreased with decreasing osmotic potential. Our results
revealed that -0.3 MPa and -0.9 MPa as the threshold and lowest osmotic potential,
respectively, for the better germination of soybean seeds. The critical osmotic potentials
for maximum seed germination and seed germination rate of soybean seed were -0.99 and
-1.17 MPa for Progeny P5333RY and -0.93 and -1.05 MPa for Asgrow AG5332,
correspondingly. Progeny P5333RY showed higher N, K, Mg, Ca, Mn, Zn, and Cu
contents in the seeds compared to Asgrow AG5332. Moreover, seed mineral content
correlated with the weight of the seeds and germination. The determinate cultivar
Progeny P5333RY was the most tolerant to PEG stress and appeared to germinate more
rapidly compared to Asgrow AG5332 under osmotic stress. This variability could be an
effective selective tool for developing new cultivars that have improved germination
properties under variable soil moisture conditions
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CHAPTER III
ROOT PHENOTYPING AND QUANTIFYING THE GROWTH AND
PHYSIOLOGICAL RESPONSES TO SOIL MOISTURE STRESS FOR SOYBEAN
CROP MODELING

3.1

Abstract
Roots are the first organs to sense and respond to drought stress. This research

was conducted to determine if root, shoot, and gas exchange traits of determinate and
indeterminate soybean cultivars respond differently to soil moisture stress. The effect of
soil moisture stress imposed 4 and 10 days after sowing on growth and development
parameters of determinate and indeterminate soybeans (Glycine max L.) was evaluated
for 18 and 30 days in experiment 1 and II, respectively. At both 18 and 30 days after
seeding, nearly all root, shoot, and physiological parameters were inversely correlated
with soil moisture level, and the adverse effects of drought stress were more evident in
Progeney P5333RY than in Asgrow AG5332. For both cultivars, the effect of soil
moisture stress on net photosynthesis was mainly due to stomatal limitations. Pooled over
cultivar, stem dry weight, root surface area, and net photosynthesis were the parameters
most sensitive to soil moisture stress, whereas node number, Ci/Ca, root diameter, and
root volume were the least responsive parameters. The developed algorithms for the plant
processes based on the environmental productivity index, were not different between the
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cultivars, suggesting that soybean plants respond in the similar way irrespective of their
growth habits. The identified soil moisture and plant processes-dependent functional
algorithms would be useful to improve the functionality existing soybean simulation
models for field management.
3.2

Introduction
Drought hinders the global production of soybean (Glycine max L. (Merr.)),

which provides for 71 and 29% of the world’s protein and oil consumption, respectively.
Climate change is projected to increase the intensity and duration of drought in major
soybean production regions, which could cause crop failures and food shortages
particularly the global populations continues to rise (Dai 2013) Yu et al. 2017).
Therefore, the effects of drought stress on soybean performance must be elucidated to
reduce the threat of climate change on global food security.
The effects of drought stress on soybean germination (Kosturkova et al., 2014;
Wijewardana et al., 2018a), canopy development (Frederick et al., 2001; Khan et al.,
2014), physiological processes (Farooq et al., 2009), flowering (Brevedan and Egli,
2003), seed development (Brevedan and Egli, 2003; Board, 1987; Dornbos, 1989), yield
(Wijewardana et al., 2018b), and seed quality (Bellaloui et al., 2012; Wijewardana et al.,
2018c) abound in the literature. However, few have reported on the effects of drought
stress on root morphology (Pantalone et al., 1996). Since roots are the first organs to
sense and respond to changes in soil moisture, screening root traits may help identify
varieties with enhanced drought tolerance (Fenta et al., 2014; Reddy et al., 2017; Brand et
al., 2016; Singh et al., 2018).
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The response of soybean roots to drought stress varies among cultivars and is
dependent on soil bio-physiochemical properties and the timing of the drought stress in
relation to growth stage. (Bengough et al., 2011; Benjamin and Nielesn, 2006). Drought
stress has an effect on the root architecture of soybean, i.e., branching density, root angle,
and depth, and biomass partitioning (Fenta et al., 2014). In a study of drought stressinduced changes in soybean root architecture under field conditions, Fenta et al (2014)
reported differences in root angle in drought sensitive, drought-escaping, and
intermediate drought-tolerant cultivars. The root angle was <40° in drought sensitive
cultivar with a shallow root type while drought-escaping cultivar had a deep root system
with a root angle of >60° (Fenta et al., 2014).
The effects of drought stress on root architecture is typically evaluated in
environments such as agar plates, hydroponic solutions, or soil cores that are not
conducive to phenotyping finer morphological details such root surface area, lateral
branching, diameter, volume, tips, forks, and crossings, (Manavalan et al., 2010; Ao et
al., 2010; Zhao et al., 2004). A simple, fast, and accurate root imagining technique that
provides descriptive root morphological data is needed to elucidate the effects of soil
moisture stress on soybean root architecture.
Some studies have provided strong evidence that roots tend to have greater lateral
root system with increased diameter and surface area under drought condition (Fenta et
al., 2014) to facilitate maximum water and nutrient absorption from deep soil layers to
maintain photosynthesis (Comas et al., 2013; Serraj et al., 1997). Since, early vigor
depends on both assimilate source (light capture and photosynthetic rate) and the sink
constituted by structural growth (leaf growth, leaf area expansion, stem growth) (Reddy
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et al., 2017), an inclusive study of root morphological parameters, aboveground shoot
development, and physiological and gas exchange traits is required to understand the
overall performance of the plant. Shoot morphology characteristics such as leaf area, leaf
flagging, and rolling are commonly used in screening for drought tolerance (Beebe et al.,
2013; Manavalan et al., 2009; Wijewardana et al., 2017). However, physiological
markers have not extensively been used because they are regarded as time consuming,
expensive, and more challenging to apply (Fenta et al., 2014). To our knowledge,
phenotyping of root and shoot characteristics along with physiological traits have not
been widely used to understand plant performance under drought stress at the early
canopy developmental stages in soybean.
Quantifying plant, growth, development, and physiological responses to abiotic
stresses such as drought is a key for developing process-based simulation models that
could be used to predict crop and agricultural systems responses to varying
environmental conditions. There has been a remarkable increase in modeling soybean
growth to predict crop performance and to understand the timing of developmental
stages. Currently, different soybean crop models are available such as APSIM (Keating et
al., 2003), DSSAT (Boote et al., 2003; Jones et al., 2003), SOYSIM (Setiyono et al.,
2010), GLYCIM (Acok et al., 1985), and MONICA (Nendel et al., 2011) to identify
tolerant traits and to predict yield under wide range of environments. However, several
comparative studies are still required to improve the accuracy, forecasting, and validate
model predictions. Information on root growth and development is not available for many
crops including soybean. Quantifying several growth, development, and physiological
aspects of soybean and incorporating those functions into crop simulation models are
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important to predict the growth responses and yields under current and future climates
scenario. Thus, the objective of this study was to assess the effects of several intensities
of soil moisture stress treatments on root morphology, phenology, vegetative growth, and
physiology of two soybean cultivars with determinate and indeterminate growth habits
during early season canopy developmental period.
3.3
3.3.1

Materials and Method
Plant Material and Experimental Condition
Two soybean cultivars from same Maturity Group V, having two different growth

habits, indeterminate type-Asgrow AG5332 and determinate type-Progeny P5333RY,
were used in the study. Soybean seeds were sown in PVC (polyvinylchloride) pots (15.2cm diameter by 30.5-cm high) filled with a soil medium consisting of a 3:1 ratio of sand:
top soil by volume classified as sandy loam (87% sand, 2% clay, and 11% silt). Initially,
four seeds were sown in each pot and 4 days after emergence the plants were thinned to
one per pot. In order to ensure favorable nutrients and water conditions, all the plants
were fertigated with full-strength Hoagland’s nutrient solution delivered through an
automated and computer controlled drip irrigation system.
Two experiments were conducted in sunlit, controlled environmental chambers
known as Soil-Plant-Atmosphere-Research (SPAR) units located at Rodney Foil Plant
Science Research Center, Mississippi State University, MS. One experiment was
conducted from April to May and terminated 18 days after sowing. The second
experiment was conducted repeating the first experiment from May to June time frame,
however, terminated at 30 days by extending the soil moisture stress treatment little
longer compared to the first experiment. Pots were arranged in completely randomized
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design with nine replications per cultivar arranged in six rows with three pots per row. In
total, 90 pots were used in each experiment for the five soil moisture stress treatments.
The SPAR units accurately control atmospheric [CO2] and air temperature at
determined set points and at near ambient levels of solar radiation. Each chamber consist
of a Plexiglas chamber (2.5-m tall by 2-m long by 1.5-m wide) which transmits more
than 95% of incoming photosynthetically active radiation to accommodate aboveground
plant parts and a steel soil bin to accommodate the root system. Variable density shade
cloths were placed around the edges of the plant canopy, to simulate solar radiation
attenuation and adjusted regularly to match canopy height to eliminate the need for
border plants. More details of the operations and controls of SPAR chambers have been
previously described by Reddy et al. (2001).
Day/night temperatures of 29/21°C and CO2 concentration of 400 µmol mol-1
were maintained for both the experiments though out the treatment period. The relative
humidity of each chamber was monitored with a humidity sensor (HMV 70Y, Vaisala
Inc., San Jose, CA) and the vapor pressure deficits (VPD) in the units were estimated as
per Murray (1967). The seasonal data for mean temperature, VPD, and CO2
concentration for the two experiments are presented in Table 1.
3.3.2

Treatments
Five soil moisture stress treatments of 100, 80, 60, 40, and 20% of

evapotranspiration of the control (100% ET) were imposed 4 days after sowing in
experiment 1 and 10 d after sowing in experiment 2. Evapotranspiration was measured in
each SPAR unit as the rate at which condensate was removed by the cooling coils at 900
s intervals (McKinion and Hodges, 1985; Timlin et al., 2007) by measuring the mass of
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water in collecting devices connected to a calibrated pressure transducer and the rates
expressed on a ground area basis. The amount of water given to the each treatment was
adjusted to achieve the desired treatment levels, by changing the time and duration of
irrigation based on the ET values recorded on the previous day. Five soil moisture probes
(Decagon Devices Inc., Pullman, WA), inserted at the 15-cm soil depth in each five
random pots were used to monitor soil moisture content at a 10 s basis and the average
daily values were used for further analysis. Season-long average ET values and
respective average soil moisture readings for each treatment are provided in Table 1.
3.3.3
3.3.3.1

Measurements
Phenology and Growth
At harvest, the number of main stem nodes and plant height were recorded. Leaf

area was measured using the LI-3100 leaf area meter (LI-COR, Inc., Lincoln, NE).
Stems, leaves, and roots were separated from each plant and total dry weight per plant
was calculated by adding dry weight of different plant parts after oven drying at 80°C for
5 days.
3.3.3.2

Root Morphology
After separating the stem from individual root systems, roots were washed

thoroughly with water on a sieve. Roots were scanned using WinRhizo Pro (Regent
Instruments, Inc., QC, Canada) by floating the individual root system in 5 mm of water in
a Plexiglas tray (Brand et al., 2016; Reddy et al., 2017, Singh et al., 2018; Wijewardana
et al., 2018d). Gray-scale root images were acquired by setting the parameters to high
accuracy (resolution 800 × 800 dpi), and the images were analyzed using WinRhizo Pro
40

software. The WinRhizo pro software provided estimated values for seven different root
growth and developmental measurements.
3.3.3.3

Physiological and Gas-Exchange Measurements
Gas exchange and chlorophyll fluorescence parameters were measured using LI-

6400 photosynthesis system (LiCOR Inc., Lincoln, NE). The measurements were made
on the uppermost recently fully expanded main stem leaves from three plants in each
treatment and in both the experiments between 1000 and 1200 h. While measuring
photosynthesis (Pn), the instrument was set at 1500 µmol photon m-2 s-1
photosynthetically active radiation, temperature in the leaf cuvette to daytime
temperature 29°C, 400 µmol mol-1 CO2, and 50% relative humidity. The flow rate
through the chamber was adjusted to 350 mol s-1. Pn and the fluorescence (Fv′/Fm′) were
recorded as the total coefficient of variation (%CV) reached a value less than 0.5. The
instrument itself calculates stomatal conductance (gs), transpiration (Trans), and electron
transport rate (ETR) by considering incoming and outgoing flow rates and leaf area.
Intrinsic water use efficiency (WUE) and the ratio of internal (Ci) to external (Ca) CO2
concentration were estimated as the ratio of Pn/Trans and Ci/Ca.
3.3.4

Data Analysis
The data on growth, physiological, and root developmental parameters were

analyzed using SAS 9.2 (SAS Institute 2011, Cary, NC) as a split plot in a completely
randomized design with 9 replicates. Soil moisture was the whole-plot and cultivar was
the sub-plot. Multiple comparison analyses were performed to identify cultivar specific
responses to treatment effects at P = 0.05 level of significance using t test. Graphical
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analysis was carried out using Sigma Plot 13.0 (Systat Software Inc., San Jose, CA). Two
minimize the variation among the two experiments.
3.3.4.1

Environment Productivity Index Concept and Critical Soil Moisture
Limits
The Environmental Productivity Index (EPI), which is the concept that has been

used to describe environmental limitations on crop productivity and to develop crop
simulation models, was utilized to understand and quantify the soil moisture stress effects
on soybean growth, developmental, and physiological processes (Nobel, 1991; Reddy et
al., 1997, 2008). To obtain soil moisture stress indices for various growth and
developmental parameters, the values were normalized by dividing estimated values at
control treatment (100% ET) by all measured values. The resultant relative indices
ranged from 0 to 1, where, 1 indicates zero stress or the optimum soil moisture and 0
indicates total stress or severe water deficit. The regression analyses were performed on
the relationship between derived values and the soil moisture between the cultivars.
There soil moisture stress treatment period was different for the two experiments, hence,
there were differences among the cultivars and their absolute responses. However, the
two cultivars exhibited similar responses to the derived values against soil moisture for
both the treatment periods. Therefore, one linear regression best described the response of
each trait to soil moisture content. Critical limits for various growth and developmental
processes as function of soil moisture content were calculated as 90% of the control soil
moisture treatment.
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3.4

Results and Discussion
The response of soybean plants to soil moisture stress is a highly complex traits

involving several genetic, morphological, physiological, and biochemical mechanisms
(Guimarães-Dias et al., 2012). At the early seedling stage, understanding crop
performance to soil moisture stress is important because it affects all processes in
developing a uniform and healthy canopy. In the present study, shoot, root, and
physiological markers and their relationships to soil moisture stress under varying
moisture conditions were explored in two growth habit contrasting soybean cultivars.
Further, functional relationships between plant processes and soil moisture stress will be
useful to improve the functionality of soybean crop models for field applications. In
addition, to our knowledge, this is the first study to address the soil moisture stress effects
on soybean root system architecture and seedling growth and development under a wide
range of soil moisture levels. Therefore, the data obtained in this study will help in the
better understanding of root traits and soybean plant responses to soil moisture stress at
the early seedling stages to manage soybean crop during the early-season.
3.4.1

Manipulation of Soil Moisture Stress Treatments
The soil moisture contents monitored during the experimental period in both the

experiments (18 and 30 days) by decagon soil moisture sensors were different (P<0.001)
among the soil moisture stressed treatments and represents that a crop could face a wide
range of conditions spatially and temporally across the soybean growing area (Table 3.1).
The semi-automated ET-based irrigation enabled us to control soil moisture regimes at
the desired levels in different treatments throughout the experiment. On average, the
measured soil moisture content controlled through ET based irrigation showed 0.214 and
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0.212 m3 m-3 for the control treatments of 18 and 30 days of experiments,
correspondingly (Table 3.1).
Table 3.1

Treatments based on the percentage of daily evapotranspiration.

Treatments

Temperature CO2

VPD

ET

Soil
moisture Day/night

Day/night Day/night Day/night

m3 m-3

ppm

°C

kPa

L m-2d-1

18 days of experiment (treatment period 4-18 days)
100

¶0.214a

25.01a

432.50a

5.28a

2.36a

80

0.184b

25.13a

431.33a

5.34a

2.22a

60

0.163c

24.99a

431.42a

5.28a

1.98b

40

0.139d

25.18a

428.47a

5.32a

1.62c

20

0.109e

25.13a

430.30a

5.32a

0.85d

30 days of experiment (treatment period 10-30 days)
100

0.212a

24.33a

429.37a

5.75a

2.79a

80

0.192b

24.53a

428.17a

5.65a

1.97b

60

0.177c

24.49a

428.86a

5.55a

1.90b

40

0.160d

24.58a

428.03a

5.13a

1.75c

20

0.133e

24.30a

431.13a

5.22a

0.99d

¶Soil moisture values along with other environmental variables are averaged for each
treatment from 4 to 18 and 10 to 30 days after sowing. Values within a column with
different letter are significantly different at P<0.05.
At 4-18 days treatment period, soil moisture contents for 80, 60, 40, and 20% ET
treatments showed 14% (0.184 m3 m-3), 24% (0.163 m3 m-3), 35% (0.139 m3 m-3), and
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49% (0.109 m3 m-3) lower than the control (0.214 m3 m-3), whereas, at 10-30 days
treatment period, those values were 9% (0.192 m3 m-3), 17% (0.177 m3 m-3), 25% (0.160
m3 m-3), and 37% (0.133 m3 m-3) less than its control (100% ET) treatment (0.212 m3 m3

), respectively. Similar to soil moisture variations, measured ET values also differed

among the soil moisture treatments (Table 3.1). Evapotranspiration of soybean with
deficit irrigation (20% ET) was 64% less than the well-irrigated plants (100% ET) in both
18 and 30 days of experiments. However, the other environmental variables, such as day
and night average CO2, temperature, and vapor pressure deficit (VPD) were not different
(P>0.05) among the treatments and cultivars (Table 3.1).
3.4.2

Growth and Shoot Parameters
In order to cope with water stress, plants possess numerous morphological

adaptations and responses. Among them, plant height, number of nodes, length of
internode, and leaf area index are proposed as indicators of drought tolerance in soybean
(Desclaux et al., 2000; Khan et al., 2014; Ku et al., 2013). In general, plant height and
leaf development are considered as basic phenomena of growth and shoot morphogenesis
during canopy developmental stages in crops. In the present study, soil moisture stress
decreased the plant height of two soybean cultivars (P<0.001) at 30 days of experimental
period, however, the treatment difference was not significant (P>0.05) at very early
seedling stage (18 DAS) probably due to the shorter period of water stress. But, the plant
height was different (P<0.001) between the cultivars in both the experiments (Table 3.2).
Under well-watered condition, Progeny P5333RY showed the maximum plant height (7
cm at 18 DAS and 22 cm at 30 DAS), whereas Asgrow AG5332 exhibited 5 and 16 cm at
18 and 30 DAS, respectively (Fig. 3.1A and B). Under severe soil moisture stress
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condition (20% ET), plants were shorter by 20 Asgrow AG5332 and 9% for Progeny
P5333RY at 18 DAS (Fig. 3.1A) and 23 and 28% for the same cultivars at 30 DAS (Fig.
3.1B). The difference in plant height reduction between the cultivars could be due to
genotypic differences. Khan et al. (2014) also reported a water stress induced reduction in
plant height in soybean plants, which may be due to shorter internodes as leaf addition
rates.
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Table 3.2

Parameters

Analysis of variance across the irrigation treatments, cultivars, and their
interaction.
18 DAS
Source

30 DAS
Source

Trt Cul Trt × Cul
Trt Cul Trt × Cul
Plant height, cm
NS ¶*** NS
*** *** NS
-1
Node no., plant
NS NS
NS
*** NS NS
2
Leaf area, cm
*** **
NS
*** *** NS
-1
Leaf weight, g plant
*** **
NS
*** NS NS
-1
Stem weight, g plant
*** *
NS
*** NS NS
-1
Total dry matter, g plant
*
*** NS
*** ** NS
Root weight, g plant-1
*** *** NS
*** NS NS
Root length, cm
*** *** NS
*** ** NS
Root surface area, cm2
*** *** NS
*** ** NS
Average diameter, mm
*** NS
NS
*** NS NS
Root volume, mm3
*** NS
NS
*** ** NS
Root tips no., plant-1
*
**
NS
*
** NS
-1
Root forks no., plant
*** *** NS
*** *** NS
Root crossings no., plant-1
*** *** NS
*** *** NS
Photosynthesis, µmol CO2 m-2 s-1 ** NS
NS
*** NS NS
gs, mol H2O m-2 s-1
*
*
NS
*** *
NS
-2 -1
E, mmol H2O m s
*** NS
NS
*** NS NS
WUE, mmol CO2mol-1 H2O
** NS
NS
** NS NS
Ci/Ca
NS NS
NS
NS NS NS
Fv'/Fm'
NS NS
NS
NS NS NS
-2 -1
ETR, µmol m s
*
*
NS
*
*
NS
¶*, **, *** represent Significance levels at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. NS
represents P > 0.05. Soybean vegetative growth, development, physiological, and root
traits measured at 18 and 30 days after sowing (DAS). Stomatal conductance (gs),
transpiration (E), water use efficiency (WUE), the ratio of internal to external CO2
concentration (Ci/Ca), fluorescence (Fv'/Fm'), and electron transport rate (ETR).
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Figure 3.1

Relationships between soil moisture and vegetative growth components
measured at 18 and 30DAS.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols. (A and B) plant height, (C and D) node no., (E and F) leaf area.
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Leaves are the organs in plants for effective photosynthetically active radiation
(PAR) capture and interception. Soil moisture stress reduced the number of leaves in
soybean plants possibly due to the decreased node emergence rate and accelerated leaf
senescence (Desclaux et al., 2000). Leaf numbers were not different (P>0.05) between
the cultivars in both the experiments (Table 3.2). Under soil moisture stress conditions
(40 and 20% ET) at 18 DAS, Asgrow AG5332 had larger leaf area compared to Progeny
P5333RY, but under well-watered condition at 18 DAS and in all five soil moisture stress
treatments at 30 DAS, it showed comparatively lower leaf area (Fig. 3.1E). At 18 and 30
DAS, percent reduction of leaf area varied from 49 to 69% and 59 to 71% for Asgrow
AG5332 and Progeny P5333RY, respectively (Fig. 3.1E and F), when soil moisture
varied from control (100% ET) to severe water deficit (20% ET). Similar to the plant
height, Progeny P5333RY showed the highest reduction in leaf area, signifying its
susceptibility to soil moisture stress compared to Asgrow AG5332. Tolerant cultivars
possess the benefit of having a larger leaf area at water limited condition because it is
associated with the larger extent of reduction in stomatal conductance (gs) (Ku et al.,
2013) and a smaller extent of reduction in photosynthetic rate (Pn). Therefore, the
tolerant cultivar Asgrow AG5332 may benefit from the reduction of water loss while
minimizing the cost of reduction of photosynthesis (Ku et al., 2013). Reduction in leaf
area is an appropriate morphological parameter for measuring soil moisture stress
experienced by the plant. In accordance with our findings, many studies have reported a
reduction in leaf area due to reduced leaf growth, cessation of cell division, and
accelerated leaf senescence (Khan et al., 2014; Ludlow and Muchow, 1990). The
decrease in leaf area might also be due to decrease in relative turgidity and dehydration of
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protoplasm, which is associated with a loss of turgor (Arnon, 1972) and reduced cell
division and expansion.
Leaf and stem dry weights were different (P<0.001) among the five different soil
moisture stress treatments for both the experiments (Table 3.2). Soybean plants grown
under moderate (40% ET) and severe soil moisture stress (20% ET) conditions produced
lower amount of leaf and stem biomass per plant (Fig. 3.2). At 30 DAS, 20% ET level
showed 59 and 62% reduction in leaf dry weight for Asgrow AG5332 (Fig. 3.2A) and
Progeny P5333RY (Fig. 3.2B), correspondingly. The decrease in leaf no. and area by the
water stress could be the reason for lower leaf dry weight under limited water conditions.
Deficit soil moisture adversely affected total dry weight at both treatment periods.
Irrigation deficit during 30 days of experiment of soybean (Fig. 3.2H) resulted in marked
loss of biomass production (54 and 58% reduction over the control for Asgrow AG5332
and Progeny P5333RY compared to deficit during 18 days of treatment period (Fig.
3.2G). In both the experiments, Progeny P5333RY showed greater percent reduction in
total dry weight compared to Asgrow AG5332. This means that AsgrowAG5332 having
a better sustainability in producing taller plants, more leaf area, and longer roots to
maintain a high shoot and root dry weight that contribute to increased biomass under
water limited condition.
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Figure 3.2

Relationships between soil moisture and biomass components measured at
18 and 30DAS.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols. (A and B) leaf weight, (C and D) stem weight, (E and F) root weight, (G and H)
total weight.
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3.4.3

Root Parameters
The plant root system comprises of different kinds of roots that change in

morphology and functions. Root architecture is determined by the distribution and spatial
arrangement of these roots in the soil by positioning its foraging activity to regulate water
and nutrient absorption (Lynch et al., 1996). Uptake of nutrients by roots has a strong
impact on growth and development of shoot especially during early vegetative growth
stage. Among the primary traits that influence plant resource acquisition, root length,
surface area, volume, and diameter are the key traits that determine root morphology
while branching pattern, lateral roots, tips, forks, and crossings control root system
architecture (Yamauchi et al., 1996; Wijewardana et al., 2018d). Soil moisture stress
decreased soybean root morphological traits significantly (P<0.001) in the present study
(Table 3.2). A significant cultivar effect (P<0. 01) was also observed for root length,
surface area, volume, and diameter (Fig. 3.3). Root length decreased under severe soil
moisture stress (20% ET) by 20 and 41% in cultivar Asgrow AG5332 and 21 and 33% in
cultivar Progeny P5333RY at 18 and 30 DAS (Fig. 3.3A). Thu et al. (2014) also reported
a decrease in root length in different soybean accessions under drought condition. Under
severe water deficit conditions, soybean roots showed less lateral branching close to the
surface layer and more tap root elongation towards the deeper layers of soil at 18 DAS
(Fig. 3.4) and 30 DAS (Fig. 3.5).
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Figure 3.3

Relationships between soil moisture and root growth parameters measured
at 18 and 30DAS.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols. (A and B) root length, (C and D) root surface area, (E and F) root diameter, (G
and H) root volume.
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Figure 3.4

Pictorial representation of root images for soybean plants grown at various
irrigation treatments and harvested 18 days after sowing.

Figure 3.5

Pictorial representation of root images for soybean plants grown at various
irrigation treatments and harvested 30 days after sowing.

As reported in the previous studies, higher tap root length in deep soil improves
the yield by increasing water uptake under drought (Fenta et al., 2014; Kunert et al.,
2016; Lopes et al., 2011). At 30 DAS, soybean cultivar Asgrow AG5332 showed 41, 21,
and 38% reduction in root surface area, diameter, and volume, respectively, whereas
Progeny P5333RY exhibited 33, 14, and 30% reduction correspondingly compared to the
control treatment. A larger root surface area and diameter are beneficial for relatively
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high total uptake of nutrients and moisture to maintain photosynthesis (Comas et al.,
2013; Lopes et al., 2011). Compared to the percent reduction for above ground traits,
Progeny P5333RY exhibited lower percent reduction for root traits. However, regardless
of the soil moisture availability, soybean cultivar Asgrow AG5332 showed higher root
length, surface area, diameter, and volume compared to Progeny P5333RY. This implies
that root system of Progeny P5333RY cultivar is more sustainable under soil moisture
stress over the Asgrow AG5332 with inherited increased phenotypic performance.
Overall, Asgrow AG5332 had highly branched, longer, and thicker root system compared
to Progeny P5333RY under both 18 DAS (Fig. 3.4) and 30 DAS (Fig. 3.5), suggesting
the presence of cultivar variability and tolerance for soil moisture. Soil moisture stress
increased root tips no. by 5 and 18% for Asgrow AG5332 and Progeny P5333RY,
respectively at 18 DAS (Fig. 3.6A), however, at 30 DAS, it decreased by 29% for both
the cultivars (Fig. 3.6B). Root forks and crossings were different (P<0.001) among the
treatments and between the cultivars and at 30 DAS, those decreased by 39 and 51% for
Asgrow AG5332 and 23 and 44% for Progeny P5333RY, correspondingly. Root tips,
forks, and crossings, which determine root system architecture, not only extend the
absorptive surface of roots, but also are capable of growing into small pores and soil
particles enabling the plant to intercept and mine mobile or immobile nutrients such as P
and Fe that are bound to soil particles (Wang et al., 2006).
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Figure 3.6

Relationships between soil moisture and root developmental parameters
measured at 18 and 30DAS.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols. (A and B) root tips, (C and D) root forks, (E and F) root crossings.
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3.4.4

Photosynthesis and Fluorescence Parameters
By adjusting the stomatal aperture, plants control their diurnal water status

at a favorable level. In order to survive over an extended soil moisture stress condition; it
is necessary for the soybean leaves to adjust its stomatal conductance (gs) to prevent
excessive water loss. Stomatal closure contributes to maintain high leaf water content,
however; it leads to a decrease in leaf photosynthesis and intercellular CO2 concentration,
which in turn reduces CO2 assimilation. This photosynthesis limitation causes an
imbalance in electron requirement for photosynthesis and leads to photo damage in
photosystem II (PS II). In our study, a significant (P<0.001) treatment difference was
observed for net photosynthesis (Pn) both at 18 and 30 DAS (Table 3.2). Interaction
between two soybean cultivars and water stress treatments was not significant (P>0.05).
The soybean cultivar Progeny P5332RY showed the lower Pn compared with Asgrow
AG5332 (Fig. 3.7A). Soil moisture stress induced reductions in Pn were 19 and 17% at
18 DAS (Fig. 3.7A) and 17 and 15% at 30 DAS (Fig. 3.7B) for Asgrow AG5333 and
Progeny P5333RY, respectively. Similar to Pn, stomatal conductance (gs) and
transpiration rate (E) were also reduced with the soil moisture stress. At 18 DAS (Fig.
3.7C), the decrease in gs was 16% under both 80 and 20% ET for Asgrow AG5332,
whereas at 30 DAS (Fig. 3.7D), gs further reduced to 27 and 32%, respectively, for the
same treatment conditions compared to the control (100% ET).
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Figure 3.7

Relationships between soil moisture and photosynthetic parameters
measured at 18 and 30DAS.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols. (A and B) photosynthesis, (C and D) stomatal conductance, (E and F) internal
to external CO2 concentration, and (G and H) transpiration.
Stolf-Moreira et al (2010) also reported one of the drought tolerant soybean
varieties MG/BR46 exhibited a 65% reduction in gs after 30 days of water stress when
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compared to the drought sensitive cultivar BR16 which showed 50% reduction. Another
15 more days of extended water stress, tolerant cultivar showed 79% reduction while the
reduction was no longer detectable in the sensitive cultivar. As reported in many other
studies stomatal conductance is the factor which is responsible for the net photosynthesis
reduction compared to non-stomatal limitation such as specific impairments of key
metabolic enzymes (Rubisco), decrease in energy consumption, and decrease in the
chemical and enzymatic reactions. The internal to external CO2 ratio (Ci/Ca) did not
show any difference from the control treatment at both 18 (Fig. 3.7E) and 30 DAS (Fig.
3.7F). Therefore, this finding suggests that the reduction of Pn was mostly due to the
reduction in gs under water-limited conditions. Many studies have reported that stomatal
factors inhibited more than non-stomatal factors when the plants were under water stress
(Ku et al., 2013; Lokande and Reddy, 2014; Ohashi et al., 2006; Siddique et al., 1999). At
30 days of soil moisture stress, the transpiration rate declined by 28 and 25% for Asgrow
AG5333 and Progeny P5333RY, correspondingly (Fig. 3.7H). The decline in E could be
an adaptive response of water stressed soybean plants by stomatal closure to maintain a
high water potential under water stress. Photosynthetic electron transport rate (ETR) and
fluorescence (Fv′/Fm′) decreased by 18 and 13% for Asgrow AG5333 and 16 and 13%
for Progeny P5333RY, respectively (Fig. 3.8). This suggests that with the inhibition of Pn
and gs, the leaf photochemistry was changed affecting the ETR chain under water stress
condition. In contrast to our finding, some studies have suggested that PS II
photochemistry was resistant to mild water stress (Ohashi et al., 2006), however, under
severe water deficit; PS II activity was strongly reduced (Genty et al., 1987).
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Figure 3.8

Relationships between soil moisture and gas exchange parameters
measured at 18 and 30DAS.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols. (A and B) water use efficiency, (C and D) electron transport rate, and (E and F)
chlorophyll florescence.
3.4.5

Soil Moisture Stress Response Indices and Critical Limits for Soybean
Growth, Developmental, and Physiological Processes
Quantitative relationships between soybean root, shoot, and physiological

parameters of early vegetative stage are less available for developing models to study the
effects of soil moisture in current and future climates. One way to quantify the effects of
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soil moisture stress on soybean is to develop environmental productivity indices as
described in previous studies for other crops (Reddy et al., 2008; Lokhande and Reddy,
2014). Potential shoot and root growth and development and gas exchange traits are
defined as the estimated individual process that take place under optimum environmental
condition. Then, by accounting for soil moisture stress induced specific reduction indices,
the effects of soil moisture stress on soybean can be quantified and modeled.
These indices represent the fractional limitation due to soil moisture stress and
ranged from 0 to 1 where 0 is when the soil moisture is totally limiting that particular
development, and 1, when it does not limit that parameter. By doing such, the effects of
soil moisture on soybean shoot, root and physiological growth could be quantified in a
changing soil moisture environment without the other confounding factors such as
temperature. In the present study, all the parameters declined linearly under moderate and
severe water stressed conditions. The parameters, leaf area and leaf weight, stem weight
and total dry weight, root diameter and root volume, tips, forks, and crossings, and
Fv′/Fm′ and ETR from the two experiments showed similar linear trends for both the
cultivars (Fig. 3.9). Therefore, one linear regression was fitted for those parameters under
both treatment periods for the two soybean cultivars. The corresponding regression
parameters, coefficients, and estimated critical limits as defined by the 90% of the control
for the measured parameters are presented in Table 3.3.
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Figure 3.9

Soil moisture dependent environmental productivity indices (EPI) for
soybean shoot, root, and physiological parameters.

Potential values were estimated by dividing the measured parameters by its estimated
maximum value at optimum (100%) level and expressed as fraction between 0 and 1.
Based on the estimated critical limits, among the shoot traits, plant height was
lower than the critical limits of leaf area, leaf weight, and total dry weight, indicating that
plant height is less sensitive to soil moisture stress than leaf area and dry weight (Table
3.3). Among the root traits, root length and surface area and root tips, forks, and crossings
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were more sensitive to soil moisture stress than the critical limits of root diameter and
volume. Among the root traits, root length and surface area and root tips, forks, and
crossings were more sensitive to soil moisture stress than the critical limits of root
diameter and volume.
Table 3.3

Regression (a and b) parameters and regression coefficient (r2) of shoot,
root, and gas exchange traits.

Plant parameter

Regression
parameters
a
2.51
1.74

P value

b
0.47
0.64

Coefficient of
determination
(r2)

Critical
limit Soil
moisture,
m3 m-3

Plant height
0.001
0.83
0.167
Node no.
0.005
0.79
0.130
Leaf area
6.33 -0.36
0.001
0.89
0.196
Leaf weight
Stem weight
6.46 -0.39
0.005
0.89
0.197
Total dry weight
Root length
3.73 0.23
0.003
0.83
0.200
Root surface area
3.49 0.27
0.015
0.85
0.203
Root diameter
1.79 0.65
0.028
0.60
0.159
Root volume
Root tips no.
3.6
0.24
0.014
0.87
0.203
Root forks no.
Root crossings no.
Photosynthesis
5.208 -0.08
0.001
0.71
0.196
gs
3.67 0.34
0.030
0.53
0.175
Transpiration
3.47 0.34
0.040
0.45
0.185
WUE
2.52 0.47
0.001
0.83
0.188
Fv'/Fm'
1.45 0.70
0.002
0.84
0.133
ETR
Ci/Ca
1.12 0.79
0.112
0.33
0.124
EPI was presented as a function of soil moisture stress (y = b + aX, where y = respective
soil moisture stress index for the plant parameter and X = soil moisture content in m3 m3
). The estimated critical limits defined as the 90% of the optimum or control for each
growth processes are also given. Stomatal conductance, gs; the ratio of internal to external
CO2 concentration, Ci/Ca; electron transport rate, ETR; water use efficiency, WUE;
fluorescence, Fv'/Fm'
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The critical limits of photochemical parameters Fv′/Fm′ and ETR were less
sensitive to soil moisture stress suggesting that leaf photochemistry in soybean is resistant
water stress. The critical limit of Pn was the most sensitive trait to soil moisture stress
than all the other parameters (Table 3.3). The decrease in Pn was accompanied by a
corresponding decrease in gs and E indicating the effect of stomatal closure and
transpiration on canopy photosynthesis. Moreover, the decrease in Pn escorted with the
decrease in total dry weight suggesting the dependence of total dry matter production on
net photosynthesis. Overall, root morphological and architectural parameters were more
sensitive to soil moisture stress than vegetative and physiological traits. Although there
were little differences in the absolute values of the derived traits, the crop responses were
similar, suggesting that the suitability of developed response indices for crop modeling
under projected future climatic conditions.
3.5

Summary
Modeling of the responses of shoot, root, and physiological traits to soil moisture

stress through phenotyping is important to understand the less exploited and under
explored traits and to develop crops to different production systems. In this study, the
studied two soybean cultivars with different growth habit exhibited substantial variability
in their absolute responses to soil moisture for all the traits measured during early-season.
Progeny P5333RY showed the highest reduction in plant height, leaf area, and total dry
weight signifying its susceptibility to soil moisture stress compared to Asgrow AG5332.
Under severe water deficit conditions, both the cultivars showed less lateral branching of
roots in the top layers of the soil and deeper tap root systems. Asgrow AG5332 had
highly branched, longer, and thicker root system compared to Progeny P5333RY.
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However, root traits of Progeny P5333RY cultivar showed less reduction under moderate
to severe soil moisture stress conditions. Root morphological and architectural
parameters were more sensitive to soil moisture stress than vegetative and physiological
traits. Similarly, the decline in photosynthesis seems to be related to mainly stomatal
closure. The plant processes when expressed cultivar specific maximum values under
optimum conditions, were not different between the cultivars. Therefore, the identified
soil moisture stress induced shoot, root, and physiological parameters should be useful
for modeling and could improve the functionality of soybean models for field and in
climate change scenario applications (Acok et al., 1985; Boote et al., 2003; Keating et al.,
2003; Setiyono et al., 2010; Nendel et al., 2011).
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CHAPTER IV
RESPONSE OF LEAF WATER POTENTIAL, GAS EXCHANGE TRAITS, AND
CANOPY REFLECTANCE IN SOYBEAN TO SOIL MOISTURE STRESS
4.1

Abstract
Drought is one of the major abiotic stresses that reduces soybean production

worldwide. This research was conducted to determine whether canopy reflectance,
physiological, and gas exchange traits of soybean cultivars with divergent growth habits
respond differently to drought stress imposed during the vegetative growth stages. The
effects of soil moisture stress (100, 80, 60, 40, and 20% evapotranspiration replacement)
on the growth and development, leaf gas exchange, chlorophyll fluorescence, mid-day
leaf water potential, and canopy reflectance were evaluated for a determinate and
indeterminate soybean cultivar under controlled conditions. Pooled over cultivar, drought
stress increased photoinhibition, decreased PS-II efficiency, increased canopy reflectance
in the visible range of the spectrum, and decreased reflectance in the near infrared region.
Soil moisture content was positively correlated with mid-day leaf water potential,
photosynthesis, stomatal conductance, Ci/Ca, and all spectral indices. Our research
indicates that the quantified canopy reflectance, physiological, and gas exchange traits of
soybean cultivars with divergent growth habits respond similarly to drought stress .
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4.2

Introduction
Drought stress reduces global soybean yield in excess of 50%, annually (Wang et

al., 2003). The effect of drought on soybean yield depends on the severity, duration, and
timing of the stress in relation to growth strage (Brar et al., 1990). Soybean is most
suseptible to drought stress during the reproductive stage (Westgate and Peterson, 1993;
Wijewardana et al., 2018); however, when the plants are subjected to longterm severe
water stress during the vegetative growth stage, the stress may be great enough to cause
substantial yield losses.
The effects of water stress on soybean physiological and biochemical changes are
not clearly understood (Manalavan et al., 2009). Soil moisture stress induces various
morpho-physiological and biochemical adaptations that, subsequently, inhibit growth,
lower photosynthesis, reduce stomatal conductance and transpiration, decrease
chlorophyll content, and cause changes in proteomics (Cornic, 2000; Lu and Zhang,
1999; Reddy et al., 2004; Wijewardana et al., 2017). Photosynthetic and gas exchange
processes are dynamic, involving complex regulation by several factors, and thus, these
should be taken as integrative parameters to assess soybean photosynthetic responses
under soil moisture stress during its vegetative stage. The effects of drought stress on
photosynthetic parameters is hotly debated, with most questioning if soil moisture stress
limited photosynthesis through stomatal closure or metabolic impairment (Cornic et al.,
2000; Lauer and Boyer, 1992; Lawson et al., 2003). Many noted that stomatal limitation
was the main factor reducing photosynthesis under drought stress (Cornic et al., 2000;
Cornic and Briantais, 1991). However, others reported limitations such as
photophosphorylation (Meyey and Genty, 1999), diminished ribulose-1,5-bisphosphate
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(RUBP) caused by low ATP synthesis (Tezara et al., 1999), and increased oxygenase
activity of Rubisco (Medrano et al., 2002) are responsible for reduced photosynthesis
under drought stress. Soil moisture stress decreases leaf water potential (LWP), which
reduces the swelling pressure and subsiquently, stomatal closure (Schulze, 1993). Plants
experience soil moisture stress when the rate of transpiration becomes very high or when
the water supply to roots become difficult (Reddy et al., 2004). Lei et al. (2006) observed
a strong correlation of stomatal conductance with transpiration compared to net
photosynthesis. This could be due to the soil moisture stress-induced abscisic acid (ABA)
which is stimulated by soil drying through the transpiration stream (Reddy et al., 2004),
resulting in stomatal closure. Moreover, a significant increase in ABA was reported by
Mutava et al. (2015) in tolerant soybean genotypes under water stress condition
compared to susceptible ones.
Soil moisutre stress has an adverse effect on chrologphyll and carotenoid content.
Makbul et al. (2011), reported a 28% decrease in chlorophyll content when the leaf water
potential decreased from -0.88 to -1.18 MPa in soybean. Decreased chlorophyll content
and increased carotenoids contents during drought stress have been reported in many
species (Gajanayake et al., 2016; Wang et al., 2003; Wijewardana et al., 2016),
depending on the severity and duration of the stress. Loss of chlorophyll content is
considered as the main cause of reduced photosynthesis under drought stress.
Soybean water status can be determined remotely through hyperspectral readings.
Remote sensing is quick and can provide one with an array of spectral indices that
estimate plant water status, economically (Gutierrez et al., 2010; Pask et al., 2012;
Peńuelas et al., 1993; Prasad et al., 2006). Canopy reflectance can assess the water status
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in various crops including cotton, corn, and wheat. These reflectance indices are often
correlated with midday LWP (Elsayed and Darwish, 2017; Gutierrez et al., 2010;
Peńuelas et al., 1993). Reflectance fluctuations in the neariInfrared region (NIR; 7001300 nm) can be used to evaluate relationships between canopy water status and spectral
indices. NIR wavelengths penetrate deeper into the canopy than middle infrared (13002500 nm), thereby allowing one to estimate water content in the entire canopy rather than
only in the uppermost layers (Peńuelas et al., 1993). Some studies suggested a better
correlation of crop water status and canopy reflectance using normalized difference
vegetation index (NDVI; (R900- R680)/(R900+R680)), water index (R900/R970),
normalized water index (NWI; (R970- R880)/(R970+R880)), and normalized difference
water indices (Elsayed et al., 2011; Peńuelas et al., 1993; Winterhalter et al., 2011; Wu et
al., 2009; Yonghong et al., 2007). Because the NDVI includes both near infrared and red
light, it can be used to predict photosynthetic activity, final yield, crop nutrient
deficiency, and long-term water stress.
Many of the studies on hyperspectral remote sensing measurements in soybean
mainly focused on predicting yield, estimating crop nutrient status, monitoring
chlorophyll content, or to understand the relationship with leaf area index (Gray et al.,
2010; Ma et al., 2011; Pati et al., 2007). Conversely, there is a paucity of data regarding
the effects of soil moisture stress on soybean canopy reflectance during the vegetative
growth stage. indices at its vegetative growth phase. A combination of measurements,
including soil moisture content, midday LWP, canopy photosynthesis and gas exchange
traits, and pigment content would significantly improve our limited understanding of
soybean physiological responses to varying levels soil moisture conditions. Therefore, the
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objectives of this study were to quantify the responses of leaf gas exchange, chlorophyll
fluorescence, midday leaf water potential, and canopy reflectance to series of soil
moisture stress levels in two soybean cultivars with different growth habits and to discuss
possible differences among the cultivars in relation to the physiological mechanisms
triggered by soil moisture stress.
4.3
4.3.1

Materials and Methods
Plant Culture and Experimental Details
The research was conducted in Soil-Plant-Atmosphere-Research (SPAR)

chambers located at the Environmental Plant Physiology Laboratory at Mississippi State
University, MS, USA in 2015. Four seeds from two maturity group V soybean cultivars
with differeing growth habits (indeterminate type-Asgrow AG5332 and determinate typeProgeny P5333RY) were sown into indiviual PVC (polyvinyl chloride) pots (15.2-cm
diameter by 30.5-cm high). Each pot was filled with a 3:1 sand:top soil classified as
sandy loam (87% sand, 2% clay, and 11% silt) with a 500 g of gravel and a small hole at
the bottom for excess water drainage. Nine days after seeding (DAS) the plants were
thinned to one per pot. Throughout the experimental period, plants were fertigated with
full-strength Hoagland’s nutrient solution delivered through a computer-controlled and
automated drip irrigation system to ensure favorable water and nutrient conditions for
plant growth.
The SPAR units consist of 1.27-cm thick Plexiglas chambers (2.5-m tall by 2-m
long by 1.5-m wide) to accommodate aerial plant parts and a steel soil bin (1-m deep by
2-m long by 0.5-m wide) to house the root system. The SPAR units allow for precise
control of CO2 and air temperature at near ambient levels of photosynthetic active
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radiation (PAR). The chamber CO2 concentration was set to 400 µmol mol-1. The relative
humidity of each chamber was monitored with a humidity and temperature sensor (HMV
70Y, Vaisala, Inc., St. Louis, MO) installed in the returning path of air ducts. Air
temperature was set at 29/21°C (day/night) and monitored and adjusted every 10 s and
maintained within ±0.5°C of the treatment set points measured with aspirated
thermocouples. The daytime temperature was initiated at sunrise and returned to the
nighttime temperature 1 h after sunset. From the air temperature and relative humidity
measurements, vapor pressure deficit (VPD) was estimated according to the procedure
described by Murray (1967). Around edges of plant canopy, variable density shade cloths
(Hummert Seed CO., St. Louis, MO) were placed and adjusted regularly to match canopy
height and to eliminate the need for border plants. More details of the operation of the
SPAR units have been described by Reddy et al. (2001).
4.3.2

Treatments
The soil moisture treatments included 100, 80, 60, 40, and 20% percent of the

evapotranstion (ET) values. Initially, all the plants were irrigated with the same water of
volume as in 100% ET treatment. Thirty-one DAS, ET-based irrigation treatments were
imposed and continued until harvest, 65 DAS. The ET of each treatment was measured
on a ground area basis (L d-1) as the rate at which condensate was removed by cooling
coils at 900 s intervals by measuring the mass of water in collecting devices connected to
a pressure transducer (McKinion and Hodges, 1985; Reddy et al., 2001). By accounting
the ET values recorded on the previous day, the amount of water provided for each
treatment was adjusted by changing the duration of irrigation.
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4.3.3
4.3.3.1

Measurements
Soil Moisture Content and Midday Leaf Water Potential
Soil moisture was monitored using Decagon soil moisture sensors (5TM Soil

Moisture and Temperature Sensor, Decagon Devices, Inc., Pullman, WA) inserted at a
depth of 15 cm in five random pots of each treatment. Midday leaf water potential (LWP)
was measured using a pressure chamber (Soil Moisture Equipment Corp., Santa Barbara,
CA, USA). LWP was measured 42, 46, 52, and 57 DAS by selecting three random plants
from each cultivar in each soil moisture treatment and taking four readings from the
youngest fully expanded leaves between 10:00 to 13:00 h after imposing the treatments.
4.3.3.2

Phenology and Growth
Plant height and number of nodes on the main stem was recorded weekly.

Plants were harvested 65 DAS, and roots, stems, and leaves were separated and dry
weight determined by oven drying to constant weight.
4.3.3.3

Gas Exchange and Fluorescence Measurements
Leaf net photosynthesis (Pn), stomatal conductance (gs), transpiration rate

(E), chlorophyll fluorescence (Fv′/Fm′) were measured three times from the youngest
fully expanded leaves between 1000 to 1300 h, from three individual plants per cultivar
from each treatment using a LI-6400 portable photosynthesis meter (Li-COR Inc.,
Lincoln, NE). The temperature in the leaf cuvette was set to the 29°C daytime air
temperature and CO2 was controlled by the CO2 injection system to match the 400 µmol
mol-1 chamber CO2 concentration. The relative humidity inside the cuvette was
maintained at 50% and the PAR provided by a 6400-02 LED light source was set to 1500
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µmol m-2 s-1. The instrument itself computes the data for Pn, gs, E, leaf internal CO2
concentration (Ci), and Fv′/Fm′. The internal to external CO2 ratio was calculated as
Ci/Ca considering Ca as 400 µmol mol-1 (ambient CO2 concentration) and photosynthetic
water-use efficiency (WUE) was calculated and expressed as the ratio of Pn/gs.
4.3.3.4

Measurements of Photosynthetic Pigments
Photosynthetic pigment content, chlorophyll a, chlorophyll b, and carotenoids

were measured by taking leaf samples collected from three youngest fully expanded
leaves from each soil moisture stress treatment at 41 to 56 days after seeding. Five leaf
discs, each with 2 cm2 area, were collected randomly and placed in vials containing 5 mL
of dimethyl sulfoxide (DMSO) for chlorophyll and carotenoids extraction. After 24 h
incubation, the absorbance of the supernatant was measured with a Bio-Rad
ultraviolet/VIS spectrophotometer (Bio-Rad Laboratories, Hercules, CA) at 470, 648, and
663 nm. The total chlorophyll and carotenoids were estimated by the equations of
Lichtenthaler (1987) according to the procedure described by Chappelle et al. (1992) and
expressed on a leaf area basis (µg cm-2).
4.3.3.5

Canopy Reflectance Measurements
Starting from 46 DAS, canopy reflectance measurements were made three times

(46, 52, and 57 DAS) on sunny days between 1100 and 1200 h above the canopy in all
the treatments using a portable ASD FieldSpec FR spectroradiometer (Analytical Spectral
Devices Inc., Boulder, CO, USA). Reflectance was measured at wavelengths ranging
from 350 to 2500 nm in each plant, setting the distance to half a meter between the
optical head of the spectroradiometer and the plant terminal. At the beginning of each
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treatment prior to taking canopy reflectance measurements, the ASD instrument was
optimized, and a reference signal was obtained using a Spectralon (Labsphere, Inc.,
Sutton, NH, USA) white panel. Therefore, for each soil moisture stress treatment, the
canopy reflectance was computed as the ratio of canopy radiance to the radiance from the
white reference panel. The nine spectral reflectance measurements for each cultivar in
each treatment were averaged, and the mean values were used for graphical and statistical
analysis. Reflectance values in the range of 400-1400 nm were selected for the data
analysis while omitting the other values due to noise and location of these bands within
regions of atmospheric water absorption (Zhao et al., 2006). The six different reflectance
indices (Table 2) were calculated based on the equations provided in the previous studies
(Elsayed et al., 2011; Pask et al., 2012; Prasad et al., 2006; Winterhalter et al., 2011). The
reflectance values for each treatment were averaged over the sampling dates, to
determine the relationships between reflectance indices and midday leaf water potential,
and a single regression line was fitted across all the measurements.
4.3.4

Data Analysis
The data were analyzed using SAS 9.2 (SAS Institute 2011, Cary, NC) as a

completely randomized design with 9 replications. Analysis of variance was used to
determine soybean responses to soil moisture stress and midday leaf water potential.
Means were separated and compared using the least significant difference at P < 0.05
probability. The regression analyses were performed using SigmaPlot version 13 (Systat
Software Inc., San Jose, CA). The relationships among the midday leaf water potential
and different physiological, gas exchange, and canopy reflectance traits were tested for
linear and quadratic functions, and the best fit regressions were selected.
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4.4

Results and Discussion
This research was conducted to evaluate the effect of drought stress that occurs

during vegetative stages on gas exchange, canopy reflectance, and midday leaf water
potential in soybean cultivars with divergent growth habits. The effect of drought stress
on soybean must be understood to increase agricutlural productivity in a changing
environment. Data from this study increases our understanding of how drought stress
effects soybean during vegetative stages so that we can improve soybeans tolerance and
yield potential in environemnts with low soil moisture.
4.4.1

Soil Moisture, Evapotranspiration, and Midday Leaf Water Potential
Soil moisture content measured using dacogen soil moisture sensors showed a

significant difference (P<0.05) among the five ET-based soil moisture stress treatments
(Fig. 4.1) during the experimental period from 31 to 65 DAS, however, the treatments
were not significantly different (P>0.05) among the two soybean cultivars. Soil moisture
content was inversely correlated with the ET replacement.

75

Figure 4.1

Temporal trends in average soil moisture content of soybean during the
experimental period.

Trends are given for evapotranspiration based irrigation treatments (100, 80, 60, 40, and
20% ET). The down arrow indicates the day that treatments were imposed. Bars represent
standard errors of the mean (n=3) and are shown when larger than symbols.
Similar to soil moisture variations, measured ET values also differed among the
soil moisture treatments (Table 4.1). Evapotranspiration was reduced by 60% when the
treatment changed from control (100% ET) to severe water deficit (20% ET). The other
environmental variables, such as day and night average temperature, CO2, and vapor
pressure deficit (VPD) were not different (P>0.05) among the treatments and cultivars
(Table 4.1).
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Table 4.1

Treatments based on the percentage of daily evapotranspiration imposed at
31 days after seeding.

Treatments Soil moisture

Temperature CO2

VPD

ET

% ET

m3 m-3

°C

µmol mol-1

kPa

L d-1

100

0.201a

25.01

412.5

4.28

14.36a

80

0.165b

25.13

415.33

4.34

12.22b

60

0.145c

24.99

411.42

4.55

9.98c

40

0.121d

25.18

418.47

4.13

7.62d

20

0.096e

25.13

415.3

4.12

5.98e

¶ Values within a column with different letter are significantly different at P<0.05.
Mean temperature, chamber CO2 concentration, vapor pressure deficits (VPD), and
evapotranspiration (ET) during the experimental period for each treatment are given
during the experimental period.
Midday LWP is a reliable measurement to assess the water status of plants, due to
its interrelationships with leaf gas exchange and other growth and developmental
parameters (Williams and Araujo, 2002). In the present study, midday leaf water content
was correlated with soil moisture content and it was not different between cultivars (Fig.
4.2). Exposure to severe soil moisture stress resulted in decreasing midday LWP 45% in
stressed plants as compared to the control (Fig. 4.2). Lei et al. (2006) reported a drop of
LWP from -1.4 (control) to -2.2 MPa (drought stress) for five days of water stress in
soybean at the pre-flowering stage. A 34% decline in LWP was reported by Makbul et al.
(2011), and they have suggested that the decline was due to the 28% decrease in
chlorophyll content in drought-stressed soybean.
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Figure 4.2

Relationship between soil moisture content and midday leaf water potential
of soybean during the experimental period.

Midday leaf water potential values were measured during 42 to 57 days period using
pressure chamber method. Bars represent standard errors of the mean (n=3) and are
shown when larger than symbols.
4.4.2

Photosynthetic Physiology
Pooled over cultivar, all gas exchange parameters were postively

correlateed with midday LWP (Fig. 4.3). Pn (Fig. 4.3A) and gs (Fig. 4.3B) were highly
correalted with midday LWP, while Ci/Ca was weakly correlated with midday LWP (Fig.
4.3C). Our data indicate, therefore, that the decrease in Pn is mainly due to stomatal
closure. Moreover, under severe soil moisture stress Pn was 62% smaller than the control,
while gs was 71% smaller than the control (Fig 4.3A & B). The ratio of Ci/Ca was
slightly decreased, and the reduction was 3% in stressed plants compared to the control.
Thus, stomatal limitation is likely the primary cause for reduced net photosynthesis in
soybean exposed to drought stress.
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Figure 4.3

Relationship between midday leaf water potential and photosynthesis,
stomatal conductance, internal to external CO2 ratio of soybean.

The measurements were taken three times between 42 to 57 days after seeding. Bars
represent standard errors of the mean (n=3) and are shown when larger than the symbols.
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The stomatal behavior of the leaf is typically regulated either to minimize water
loss or to maximize carbon gain, depending on the plant water status and photosynthetic
rate. Many studies have reported decreased Pn and gs in response to soil moisture stress
(Ku et al., 2013; Makbul et al., 2011). Tezra et al. (1999) suggested that the decrease of
Pn could be due to low ATP content, caused by a reduction in ATP synthase. Although
stomatal limitation was the main determinant of lower Pn, several non-stomatal factors
such as specific impairments of key metabolic enzymes (Rubisco), decrease in energy
consumption, and decrease in the chemical and enzymatic reactions also attributed for
stomatal closure during drought (Lawlor, 2002; Meyer and Genty, 1999).
Similar to Pn and gs, transpiration (E) also declined linearly with decreasing LWP
(Fig. 4.4A). The decrease in E was 33% under 20% ET level, compared to the control
(100% ET). The rate of decline in E was steeper compared to gs with increasing soil
moisture stress. The decrease of E under water deficit is a drought avoidance mechanism
that could be achieved through minimizing excess water loss by leaf rolling to decrease
the transpiring area of the leaf or by the stomatal closure.
Unlike Pn, gs, and E, WUE was increased under soil moisture stress (Fig. 4.4B)
and followed a similar trend as reported for other crops (Escalona et al., 1999;
Wijewardana et al., 2017). It increased at a rate of 1.71 µmol CO2 mol-1H2O MPa-1 (Fig.
4.4B). The increase in WUE is a drought adaptive mechanism which might have resulted
from lower transpiration rate under moisture stressed conditions.
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Figure 4.4

Relationship between midday leaf water potential and transpiration and
water use efficiency of soybean.

Measurements were taken three times between 42 to 57 days after seeding. Bars represent
standard errors of the mean (n=3) and are shown when larger than the symbols.
Chlorophyll fluorescence (Fv′/Fm′) is the most reliable indicator and widely used
parameter to assess the photosystem II (PS-II) efficiency. In our study, both ETR (Fig.
4.5A) and Fv′/Fm′ (Fig. 4.5B) had a declining trend with respect to midday LWP. The
ETR decreased by 21% under severe soil moisture stress condition, whereas the decrease
in Fv′/Fm′ was 14% compared to the control treatment. A marked decrease in Fv′/Fm′
under soil moisture stress indicated more photoinhibition and decreased PS-II efficiency
compared the well-irrigated soybean plants. Moreover, this may be attributed to a lesser
number of open PS-II reaction centers which may inhibit light harvesting and energy
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transduction leading to lower CO2 assimilation. The lower Fv′/Fm′ further suggests that
the absorbed light energy in soil moisture stressed plants was not utilized in
photochemical quenching but could be dissipated in the form of heat energy resulting in
lower sink capacity.

Figure 4.5

Relationship between midday leaf water potential and electron transport
rate and chlorophyll fluorescence of soybean.

Measurements were taken three times between 42 to 57 days after seeding. Bars represent
standard errors of the mean (n=3) and are shown when larger than the symbols.
4.4.3

Growth and Developmental Attributes
Soil moisture stress is a major limiting factor at the initial vegetative phase of

soybean growth and establishment. Drought stress affects cell elongation, expansion, and
leaf development during vegetative growth stages. Among many growth and
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developmental traits, node number, plant height, length of internode, and leaf area
expansion have been proposed as indicators of soil moisture stress tolerance in soybean
(Desclaux et al., 2000; Khan et al., 2014; Ku et al., 2013). In the present study, soil
moisture stress decreased the plant height in both the cultivars (Fig. 4.6).

Figure 4.6

Time series analysis of plant height in two soybean cultivars.

(A) Asgrow AG5332 and (B) Progeny P5333RY across five soil moisture stress regimes.
Each data point is a mean of nine individual plants and standard errors of the mean are
shown when larger than the symbols.
The reduction of plant height could associate with the decline in the cell
enlargement (Ku et al., 2013). Plant height of two cultivars showed significant
differences (P<0.001) under both stressed and control conditions (Table 4.2).
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Table 4.2

Analysis of variance across the irrigation treatments, cultivars, and their
interaction.

Source
Parameter
Plant height, cm
Node no., plant-1
Leaf area, cm

2
-1

Pod no., plant
Leaf weight, g plant-1
Stem weight, g plant
Root weight, g plant

-1

-1

-1

Pod weight, g plant
Total dry matter, g plant-1
-2

Soil moisture (Trt)

Cultivar (Cul)

Trt * Cul

¶***

***

*

***

***

*

***
*

***
***

NS
NS

***

***

NS

***

***

NS

*
***

***
***

NS
NS

***
***
*
**
*

***
NS
NS
NS
NS

NS
NS
NS
NS
NS

NS

NS

NS

NS

***
***

NS
NS

NS
NS

***
**

NS
NS

NS
NS

Chlorophyll a, µg cm
Chlorophyll b, µg cm-2
Total chlorophyll, µg cm-2
Carotenoids, µg cm-2
Photosynthesis, µmol CO2 m-2 s-1 ***
gs, mol H2O m-2 s-1
***
-2 -1

E, mmol H2O m s
Ci/Ca
WUE, mmol CO2 mol-1 H2O
Fv'/Fm'
ETR, µmol m-2 s-1

*
NS
NS
Reflectance
**
NS
NS
NDVI
***
NS
NS
RNDVI
**
NS
NS
NWI
**
NS
NS
NWI4
***
NS
NS
NWI5
*
NS
NS
NWI6
*
NS
NS
¶*, **, *** represent Significance levels at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. NS
represents P > 0.05. Stomatal conductance (gs), transpiration (E), water use efficiency
(WUE), the ratio of internal to external CO2 concentration (Ci/Ca), fluorescence
(Fv'/Fm'), electron transport rate (ETR), normalized difference vegetation index (NDVI),
red normalized difference vegetation index (RNDVI), and normalized water index
(NWI).
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The plant height of indeterminate type, Asgrow AG5332 (Fig. 4.6A), exhibited
33% reduction at 20% ET treatments; whereas, Progeny P5333RY showed 20%
reduction compared to the control (Fig. 4.6B). Asgrow AG5332 plants were taller
regardless of the treatment effects compared to the Progeny P5333RY. This difference
could be due to their growth habits in which Asgrow AG5332, the indeterminate type,
grows continuously while Progeny P5333RY ceases its vegetative activity at or soon after
photoperiod-induced floral induction (Wijewardana et al., 2018).
The mild or severe soil moisture stress reduced both node and pod numbers (Fig.
6.7A & B). Similar to plant height, two cultivars showed a significant difference
(P<0.001) for node and pod no. (Table 4.2). The determinate type did not show much
variation for the node no. among the different soil moisture stress levels; however, node
no. decreased by 10% for Asgrow AG5332 as soil moisture changed from 0.22 to 0.09 m3
m-3. Pod no. exhibited a linear decline with decreasing soil moisture (Fig. 4.7B). At the
time we harvested soybean plants (65 DAS); they were at the beginning of the pod
development stage. Therefore, the total pod no. that was given in the present study does
not provide the true potential of the cultivars for pod number. Averaged over the
treatments, pod no. of Asgrow AG5332 and Progeny P5333RY grown under optimum
soil moisture level (0.22 m3 m-3) was 11 and 14% higher than the pod no. under severe
moisture stress (0.09 m3 m-3). Soybean pod set and seed development are more
susceptible to soil moisture stress, especially when initiated at R2 or R4 (Brown et al.,
1985), causing a substantial yield reduction. This could be the result of reduced mainstem
nodes and branches at the early vegetative stage (Breveden and Egli, 2003) and at later
stages, from accelerated leaf senescence and shortened seed filling period.
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Figure 4.7

Relationships between soil moisture and node no., pod no., and leaf area of
soybean.

Measurements were taken at the harvest. Bars represent standard errors of the mean (n=9)
and are shown when larger than the symbols.
Some studies have reported 93% reduction in number of pods per plant at the
beginning of pod development in soybean (Atti et al., 2004). The reduction was 82%
during pod lengthening due to the cumulative effects of reduced no. of flowers, pod
abortion, and reduced pod production under soil moisture stress conditions (Atti et al.,
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2004; He et al., 2016; Wijewardana et al., 2018). Total leaf area per plant also declined
with increasing soil moisture stress (Fig. 4.7C). Progeny P5333RY exhibited larger leaf
area under all the soil moisture stress treatments compared to Asgrow AG5332. However,
under severe water deficit, the percent of leaf area reduction was higher than the Asgrow
AG5332 cultivar (Fig. 4.7C). Development of optimum leaf area is important for
increased photosynthesis, more biomass, and greater yield. Lower leaf area is a drought
avoidance mechanism to reduce transpiration by restricting leaf area expansion as the soil
moisture content declines to conserve more water within the plant. Moreover, by
reducing leaf area, the plant manages water loss by maintaining fewer stomates which in
turn reduces stomatal conductance. Overall, reduced stem elongation, node no., and leaf
size is a likely result of the inhibition of cell elongation from the lower photosynthetic
efficiency (Anjum et al., 2011; Farooq et al., 2009), or caused by dehydration of
protoplasm and reduced turgidity resulting in reduced cell division and expansion (Khan
et al., 2014).
4.4.4

Biomass Production
All the biomass components (leaf, stem, root, and pod) decreased linearly

and exhibited positive correlations with decreasing soil moisture. Like for most of the
growth and developmental traits, the two soybean cultivars were significantly different
(P<0.001) for dry weights components (Table 4.2). The leaf (Fig. 4.8A), stem (Fig.
4.8B), root (Fig. 4.8C), and pod (Fig. 4.8D) dry weights declined by 13, 52, 1, and 56%
for Asgrow AG5332 and 30, 45, 12, and 3% for Progeny P5333RY correspondingly, at
20% ET level (0.09 m3 m-3) compared with the control treatment (100% ET). Shoot dry
weight loss was greater than root dry weight loss in both the cultivars.
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Figure 4.8

Relationships between soil moisture and leaf weight, stem weight, root
weight, and pod weight.

Measurements were taken at the harvest. Bars represent standard errors of the mean
(n=9) and are shown when larger than the symbols.
Progeny P5333RY showed higher leaf, stem, and root weight under all the soil
moisture stress treatments except for pod dry weight. Lower pod dry weight in Progeny
P5333RY is possibly due to the production of lower number of pods at the time of
harvest due to its determinate growth habits. The higher shoot weight was closely related
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to the increased leaf area in Progeny P5333RY across all the treatments compared to the
Asgrow AG5332. The higher root dry weight is desirable under drought for efficient
uptake of water and nutrients that could increase drought resistance. Therefore, at the
vegetative growth stage, Progeny P5333RY exhibited a better sustainability with having
increased shoot and root weights under sub-optimal water conditions. Greater plant fresh
and dry weights under soil moisture stress are desirable characters (Farroq et al., 2009)
that contribute to optimum canopy development.
Plant productivity is strongly related to the temporal biomass distribution and
biomass partitioning (Specht et al., 2001). Evapotranspiration based irrigation treatments
reduced total dry weights in both the cultivars (Fig. 4.9). In accordance with our findings,
reduced biomass was reported by Specht et al. (2001) in soybean under water limited
conditions. The total dry weight under 0.09 m3 m-3 moisture content compared to their
control treatments was 29% in Asgrow AG5332 and 43% in Progeny P5333RY. The ETbased irrigation treatments imposed at the reproductive stage on the same two cultivars
(Wijewardana et al., 2018a) showed 43% (Asgrow AG5332) and 54% (Progeny
P5333RY) reduction in the total dry matter, respectively, at 20% ET level compared to
the control. This implies that although shoot and root dry weights were higher for
Progeny P5333RY, it was more tolerant to soil moisture stress compared to Asgrow
AG5332.
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Figure 4.9

Relationship between soil moisture and total dry weight of soybean
measured at the harvest.

Bars represent standard errors of the mean (n=9) and are shown when larger than the
symbols.
4.4.5

Chlorophylls and Carotenoids
Chlorophyll is the major chloroplast component for photosynthesis and is

important for harvesting light and generating reducing power. The limitation of
photosynthesis through metabolic impairment is a result of reduced photosynthetic
pigments. In the present study, total chlorophyll content declined linearly and in contrast,
carotenoids increased linearly with declining soil moisture content (Fig. 4.10). However,
the two soybean cultivars exhibited similar responses and did not differ (P>0.05) for both
pigments (Table 4.2). Chlorophyll decreased 24% under severe soil moisture stress
condition, whereas the increase in carotenoids was 38% compared to the control.
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Figure 4.10

Relationships between soil moisture and chlorophyll content and
carotenoids content of soybean.

Measurements were taken three times before harvest. Bars represent standard errors of
the mean (n=3) and are shown when larger than the symbols.
Soil moisture stress-induced reduction in chlorophylls is considered as an
indicator of oxidative stress which is attributed to chlorophyll degradation, pigment
photo-oxidation, and insufficient synthesis of chlorophylls. By doing such, light
absorption by the chloroplasts would be minimized to prevent photochemical damage to
PS II under water-limited conditions. Decreased chlorophyll and increased carotenoid
contents have been reported for many crop species under soil moisture stress (Gajanayake
et al., 2016; Guha et al., 2010; Massacci et al., 2008). Carotenoids form a key part of the
plant antioxidant defense system; however, they are susceptible to oxidative damage. The
major role of carotenoids is to prevent the generation of singlet oxygen and protect from
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oxidative damage through direct quenching of triplet chlorophyll (Farooq et al., 2009).
Therefore, increased carotenoid content is an antioxidant defense mechanism in soybean
to limit oxidative damage under soil moisture stress.
4.4.6

Canopy Reflectance and Relationship Between LWP and Reflectance
Indices
The spectral reflectance is the radiance that is reflected from the leaf

expresses as a percentage of incident radiance (Carter, 1993). Typically, crop canopy
reflectances differ in the visible red region (550-700 nm) and near infrared region (7001300 nm) of the electromagnetic spectrum (Kumar and Silva, 1973). In our study,
different response curves were observed for five soil moisture stress treatments (Fig. 4.11
A); however, the difference among the cultivars and sampling dates was not significant
(P>0.05) (Table 4.2). Therefore, the crop reflectances were averaged among the cultivars
and sampling dates. The resulting five different spectra imply that soil moisture stress
influenced the spectral features of the soybean canopy. Soil moisture stress increased
soybean canopy reflectance in the visible range of the spectrum (400-700 nm), especially
for 60, 40, and 20% ET compared to the control and 80% ET (Fig. 4.11B). This is
probably due to a decrease in the absorption of visible radiation by chlorophylls and other
leaf pigments (Bowman, 1989; Carter, 1991,1993; Wang et al., 2000). Previous studies
reported that the absorptivity of chlorophyll is relatively low in the visible spectral range;
therefore, the reflectance is higher at those wavelengths.
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Figure 4.11

Soybean leaf hyperspectral reflectance of the five soil moisture stress
treatments.

Reflectances were given (A) at wavelengths ranging from 350 to 1300 nm and (B) 400 to
600 nm wavelength. Measurements were taken three times (46, 52, and 57 DAS) and
each time measurements were made on nine individual canopies of the each treatment.
Typically, visible light, or the short wavelength photons absorbed by leaf
pigments, is used for photochemical reactions and overall photosynthesis processes
(Wang et al., 2000). Therefore, soil moisture stress induced photosynthetic reduction was
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better explained by the decreased radiation absorbed by the soybean canopy or
alternatively the increased reflectance in the visible region. In the range of near-infrared
(NIR; 700-1300 nm), absorption by pigments and water is relatively low, thus, the
reflectance is relatively high (Carter, 1991, 1993). In accordance with the previous
findings, a greater increase in canopy reflectance was observed in the NIR region for the
control treatment and low reflectances for soil moisture stress treatments, suggesting that
the red region of the spectrum is a good indicator of soil moisture stress (Carter, 1993).
According to Wang and Shannon, (1999), higher absorption of infrared radiation resulted
in leaf heating and transpiration. Therefore, the lower reflectance in the NIR region
further confirmed the soil moisture stress-induced reduction in transpiration and stomatal
conductance in soybean canopy at its vegetative stage. Beyond the NIR region (13002500 nm) which is a function of leaf water content and thickness, has also been reported
to increase spectral reflectance in soil moisture stressed plants (Carter, 1991,1993; Carter
et al., 1992) by stimulating leaf dehydration and reducing absorption of radiation by leaf
internal water. In contrast to the previous findings, the soybean canopy reflectance
continued to exhibit decreased values for the mid-infrared region (MIR) in our study.
This infers that soil moisture stress had little effect on increasing leaf dehydration or the
water stress might not been severe enough to cause the leaves to dehydrate completely.
Soybean midday water potential was strong correlated with all the
calculated spectral indices (Table 4.3). The NDVI (Fig. 4.12A), RNDVI (Fig. 4.12B),
NWI (Fig. 4.12C), NWI4 (Fig. 4.12D), and NWI5 (Fig. 4.12E) increased linearly with
the increase in LWP, however, NWI6 (Fig. 4.12F) exhibited a negative correlation with it
increasing with decreasing LWP. NDVI was most highly correlated (R2= 0.82) with
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midday LWP (Fig. 4.12A). In general, NDVI is an indication of ground coverage of
vegetation canopy and of greenness (Zhao et al., 2006).

Figure 4.12

The relationships between leaf water potential and six spectral indices for
soybean subjected to five evapotranspiration based irrigation treatments.

Measurements were taken three times (46, 52, and 57 DAS) and the reflectance values for
each treatment were averaged over the sampling dates and single regression line was
fitted across all the measurements.
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Name

Physiological process

[R900-R680]/[R900+R680]

[R780-R670]/[R780+R670]
[R970-R880]/[R970+R880]
[R970-R900]/[R970+R900]
[R960-R940]/[R960+R940]
[R790-R720]/[R790+R720]

VI
WI
WI
WI
WI

Calculation

VI

Type

Description of the spectral reflectance indices examined in this study for soybean.

Green area,
Normalized difference
photosynthetic capacity,
NDVI
vegetation index
leaf N status
Green area,
Red normalized difference photosynthetic capacity,
RNDVI vegetation index
leaf N status
NWI
Normalized water index
Plant water status
NWI4
Normalized water index 4
Plant water status
NWI5
Normalized water index 5
Plant water status
NWI6
Normalized water index 6
Plant water status
The index types are: VI-vegetation index and WI-water index.

Index

Table 4.3

Pask et al., 2012
Pask et al., 2012
Prasad et al., 2006
Elsayed et al., 2011
Winterhalter et al., 2011

Pask et al., 2012

Reference

Soil moisture stress reduces chlorophyll and other photosynthetic pigments and
canopy size, probably resulting low NDVI index. RNDVI (Fig. 4.12B), which is an
indication of photosynthetic capacity and leaf N status, also showed a higher positive
correlation than NWI4 and NWI5 with midday LWP (Y = 0.30 – 0.07X, r2 = 0.72) similar
to NDVI. The four water stress indices tested in the present study demonstrated strong
associations with the midday LWP, with NWI showing the strongest association (r2 =
0.75).
These indices have widely been associated with diverse water relation parameters
to sense canopy water status in different plant species such as corn, wheat, barley,
sorghum, and pepper. Some studies suggested that wavelengths at the area of NIR region
is more suitable to describe the canopy water mass under water stress conditions (Elsayed
et al., 2015). In accordance with our findings, Lobos et al. (2014) also observed higher
coefficient of determinations (r2>0.60) for NWI and NWI4 with the grain yield under
mild water stress. Moreover, Winterhalter et al. (2013) reported a strong correlation of
NWI6 with water content and biomass in maize corroborating with our present findings
on soybean. In summary, our results indicated that soybean midday leaf water potential
was associated with NDVI, RNDVI, NWI, NWI4, NWI5, and NWI6 regardless of
sampling date across all the treatments, with higher r2 values (r2>0.50). Therefore, the
linear algorithms and the developed reflectance indices may be useful to predict leaf
water potential and crop water status under sub-optimal water conditions.
4.5

Summary
The current study is an effort to investigate plant water status using quantitative

measurements of soil moisture, midday leaf water potential, leaf gas exchange, and
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canopy reflectance. The results of the study indicated that soybean water status could be
quantitatively monitored using measures of midday leaf water potential, soil moisture,
and gas exchange. The leaf gas exchange traits had relatively strong correlations with
midday leaf water potential. The two soybean cultivars at the vegetative growth phase
showed the marked difference for growth and phenological traits under soil moisture
stress; however, physiological and gas exchange traits were not different. The cultivar
Asgrow AG5332 was more soil moisture stress tolerant than Progeny P5333RY with
respect to physiological adaptation associated with growth and developmental attributes.
The decrease in stomatal conductance led to the reduction in net photosynthesis;
however, the non-stomatal limitation may occur under severe soil moisture stress which
also leads to impairment of photosynthetic activity. The soil moisture stress-induced
reduction in chlorophyll clearly exhibited oxidative stress; whereas, increased carotenoids
could be a protective mechanism to overcome oxidative damage to photosystem II. The
five spectral indices showed strong correlations with midday leaf water potential
suggesting that those indices are good indicators to detect water status in soybean under
suboptimal soil moisture conditions. The quantified physiological responses could be
used by genetic engineering or/and breeding programs concerning soil moisture stress
adaptation of soybeans for both current and future climates. Moreover, the tested canopy
reflectance indices may be used to understand plant water relations and canopy structure
to help soybean growers to make field management decisions during the growing season.
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CHAPTER V
QUANTIFYING SOIL MOISTURE DEFICIT EFFECTS ON SOYBEAN YIELD AND
YIELD COMPONENT DISTRIBUTION PATTERNS
5.1

Abstract
Soil moisture stress is the major abiotic stress factor that causes extensive losses

to soybean production worldwide. Quantitative relationships between soil moisture
deficit and yield components are needed to improve algorithms of existing soybean
models predictability. The objective of this study was to quantify water stress effects on
various plant growth and reproductive traits using two soybean cultivars with distinct
growth habits, indeterminate type, Asgrow AG5332 and determinate type, Progeny
P5333RY. Plants grown in pots outdoors were moved into sunlit controlled environment
at flowering stage. Five water stress treatments, 100, 80, 60, 40, and 20% of daily
evapotranspiration of the control were imposed at flowering and continued until maturity.
Plant height and node numbers were recorded at 7-day intervals. Plant component dry
weights, pod distribution patterns, and pod and seed yield were measured at the final
harvest. A quadratic function best described the relationship between soil moisture
content and midday leaf water potential and -1.0 MPa leaf water potential was achieved
at optimum soil moisture content of 0.15 m3 m-3 soil. The middle region of the canopy in
both cultivars accounted for about 60% of final yield compared to top and bottom
regions. Branch pod yield was about threefold as high as mainstem yield, and it was more
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sensitive to moisture stress than mainstem yield. Harvest index declined linearly with
decreasing soil moisture levels in the cultivars, and rate of decline in Asgrow AG5332
was lower (slope = 1.68) than the decline of Progeny P5333RY (slope = 2.42) m3 m-3.
The functional relationships between soil moisture stress and yield components will be
useful to aid farm managers in scheduling irrigation and to improve the functionality of
soybean crop models under varying soil moisture conditions.
5.2

Introduction
Soybean, Glycine max (L.) Merr., is the world’s leading economic oilseed crop

which provides essential proteins for both human and animal nutrition. The United States
Department of Agriculture estimates that the worldwide soybean production in
2017/2018 will be 351 million metric tons (mt) (USDA 2017). In the year 2016, USA
was the country with the greatest soybean output, producing 116 mt, followed by Brazil
(107 mt), Argentina (57 mt), and China (14 mt) (USDA 2017). Regardless of the
amplified global demand, soybean yield losses due to erratic precipitation and limited
ground water reservoirs continue to reduce the crop production sustainability across the
world (Le et al. 2012). Hence, it is crucial to develop some strategies for coping with the
effects of moisture stress to assist in stabilizing yield under stress conditions (Ries et al.
2012).
Among many other environmental stresses that affect crop production (Brand et
al. 2016; Reddy et al. 2017; Wijewardana et al. 2015, 2016 a, 2016b), soil moisture stress
is considered as the most damaging abiotic stress limiting soybean yield in the U.S..
Persistent soil moisture stress over many parts of United States has become the major
limitation of soybean yield (Dai 2013; Zipper et al. 2016). Currently, only about 53% of
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soybean hectarage in Mississippi is irrigated (Kebede et al. 2014); therefore,
unpredictable rainfall combined with shallow claypan soils with lesser water availability
makes soil moisture stress a risk. In the U.S. mid-South, the occurrence of extended soil
moisture stress during summer turned out to be progressively common in recent years.
The depletion in the Mississippi River Alluvial Aquifer system, which is used to irrigate
most crops in the Mississippi Delta implicates the unsustainability of crop production in
the region (Kebede et al. 2014). Therefore, it is necessary to place an effort to understand
the morphological and reproductive attributes that govern drought tolerance with an aim
of increasing soybean yield under soil moisture stress to mitigate the impacts of droughts
in the current and in the near future environments.
Crop simulation models are important to incorporate the interdisciplinary
knowledge acquired through research and technological advancements in several
scientific fields related to agricultural production systems. There has been a tremendous
increase in modeling soybean growth to understand the timing of crop developmental
stages and to predict reproductive performance under numerous environmental
conditions. Currently, many soybean crop models are available such as GLYCIM,
DSSAT CSM–CROPGRO, APSIM (Keating et al. 2003), SOYSIM, MONICA (Nendel
et al. 2011), AQUACROP, and FAO – Agroecological Zone (Battisti and Sentelhas
2015) to predict the crop yield and to identify tolerant traits under wide range of
environments. In order to improve accuracy and reduce uncertainties in existing crop
models when validating data in the field and forecasting yields for management, several
comparative studies are still required across different environments. Therefore,
quantifying several growth and reproductive aspects of soybean and incorporating those
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functions into soybean simulation models, is imperative to evaluate causes of yield
variability in current and future climates.
Soybean stem extension has shown to be controlled by Dt1 locus (Tanaka and
Shiraiwa 2009) and thus controlling overall canopy development and plant physique.
There are two broad types of stem growth habit in soybeans, as indeterminate and
determinate based on the timing of the cessation of apical stem growth (Tian et al. 2010;
Ting 1946). The indeterminate, which are the most common and early maturing types in
northern part of the USA, continue to develop new leaves even after the floral induction
until photosynthate demand by developing seeds causes a termination in the production
of vegetative dry matter (Tian et al. 2010). In contrast, late maturing determinate types
cease vegetative activity at or soon after photoperiod-induced floral induction. Because of
that, generally, determinate types have a bushier canopy with a shorter mainstem length.
However, the agronomic significance of such differences in stem growth habit on yield
traits and yield component distribution under adverse conditions like soil moisture stress
has not reported.
Soil moisture stress is like a syndrome that affects all plant processes (Salekdeh et
al. 2009). Remarkable efforts have been put on the improvement of soil moisture stress
tolerance of soybean, with a primary goal of enhancing yield under moisture deficit.
Generally, soil moisture is critical for optimum growth during the very early vegetative
stage and from flowering through the seed-filling period for soybeans (Brevedan and Egli
2003). At early vegetative stages, soil moisture stress can impact yield by reducing the
number of mainstem nodes and branches that develop, whereas at later stages, water
deficit can accelerate leaf senescence and shorten the period of seed-filling (Brevedan
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and Egli 2003). Soybean pod set and seed development is more vulnerable to soil
moisture stress leading to a substantial yield reduction. Brown et al (1985) reported a
significant yield loss when soil moisture stress was at initiated R2 or R4. In an
experiment to assess soybean yield enhancement by irrigation at different developmental
stages, Korte et al. (1983) reported that yield was sensitive to the increased irrigation, at
pod elongation stage (R3-R4) and the seed enlargement stage (R5-R6). Also, from a
greenhouse experiment Dornbos et al. (1989) concluded that the reduction of soybean
seed yield was mainly due to the reduction of seed number than seed size which could
cause overall losses under drought stress conditions.
Stem growth habit is an important key factors affecting yield in soybean (Kato et
al. 2015). However, yield attributes to growth habit have not been consistent; Kato et al
(2015; Parvez et al. 1989; Robinson and Wilcox 1998) have shown that determinate
cultivars out yielded compared to indeterminate growth habit cultivars while Weaver et
al. (1991), have shown on the other way around. The dominance of yield either in
determinate or indeterminate cultivars has been suggested to result from other factors
including location and genetic background (Ouattara and Weaver 1995; Pfeiffer and
Harris 1990). Furthermore, soybean seed yield is related to the number of seed bearing
pods produced per unit area, which also could be related to the number of flowers
produced by the plant and the proportion of flowers that develop into pods. The postflowering phases are often considered as the most critical periods of soybean
development, which requires optimum soil moisture for the yield determination (Choi et
al. 2016). Recent studies have reported the ability of indeterminate plants to produce
more pods and seeds due to a relatively longer flowering period of nodes on the
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mainstem. Hence, it may be important to elucidate how yield components influence yield
formation on a phenotypic level in soybean for better agronomic management decisions.
However, to our knowledge, the differences in pod distribution patterns and
canopy yield components based on the stem growth habits in determinate and
indeterminate soybean cultivars under progressive soil moisture stress levels have not
been reported. Moreover, the functional relationships for modeling are limited and
additional studies under realistic solar radiation environments are needed to improve
existing soybean simulation models for field applications. Therefore, the objectives of
this study were to evaluate the responses of growth and yield traits including pod
distribution patterns and to identify the agronomic performance of two soybean cultivars
based on the growth and reproductive dynamics under variable water limited conditions
for better management decisions.
5.3
5.3.1

Materials and Methods
Experimental Condition and Plant Materials
This study was conducted utilizing sunlit Soil–Plant-Atmosphere-Research

(SPAR) chambers located at the Rodney Foil Plant Science Research facility of
Mississippi State University, Mississippi State, MS. These units have the capability to
precisely control air temperatures and chamber atmospheric CO2 concentration at preset
set points and at near ambient levels of photosynthetically active radiation (PAR). Each
SPAR chamber consists of a 1.27 cm thick Plexiglas which allows 97% of the visible
solar radiation to pass without spectral variability in absorption (Zhao et al. 2003). The
Plexiglas chamber (2.5 m tall by 2 m long by 1.5 m wide) to accommodate aerial plant
parts and a steel soil bin (1 m deep by 2 m long by 0.5 m wide) houses the root system.
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Air temperature in each SPAR chamber was set to 29/21°C (day/night) and monitored
and adjusted every 10 s (Reddy et al. 2001) throughout the day and night and maintained
within ± 0.5°C of the treatment set points measured with aspirated thermocouples. The
daytime temperature was initiated at sunrise and returned to the nighttime temperature 1
h after sunset. The chamber CO2 concentration was monitored and maintained at 400
µmol mol-1 using a dedicated LI-6250 CO2 analyzer (Li-COR, Inc., Lincoln, NE). The
relative humidity of each SPAR unit was monitored and calculated according to the
procedure of Murray (1967), with a humidity and temperature sensor (HMV 70Y,
Vaisala, Inc., St. Louis, MO) installed in the returning path of airline ducts. In order to
maintain a constant humidity, chilled mixture of ethylene glycol and water was circulated
through the cooling coils located outside the air handler of each chamber via several
parallel solenoid valves (Reddy et al. 2001) that opened or closed depending on the
cooling requirement. Variable density shade cloths (Hummert Seed Co., St. Louis, MO)
designed to simulate solar radiation diminution through the plant canopy were placed
around the edges of the plant canopy. These were adjusted regularly to match canopy
height and to eliminate the need for border plants. In addition, there was a heating and
cooling system connected to air ducts that pass conditioned air through the plant canopy
to cause leaf flutter. More details of operation and control of the SPAR facility have been
described by Reddy et al. (2001).
Seeds from two soybean cultivars representing the same maturity Group V,
having two different growth habits indeterminate type- Asgrow AG5332 and determinate
type- Progeny P5333RY were sown in PVC (polyvinylchloride) pots (15.2 cm diameter
by 30.5 cm high) with a 500 g of gravel at the bottom of each pot and filled with the soil
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medium consisting of 3:1 sand: top soil classified as sandy loam (87% sand, 2% clay, and
11% silt). Each pot had a small hole at the bottom for excess water drainage. Initially, all
the pots were arranged outside the SPAR units and when the plants reached R1 stage,
pots were moved inside the units. Inside the SPAR units, pots were organized in a
completely randomized design with twelve replications per cultivar arranged in six rows
with two pots per row. In total, one hundred and twenty pots were used for the five soil
moisture stress treatments. Initially, four seed were sown in each pot and six days after
emergence; the plants were thinned to one per pot. Plants were fertigated with fullstrength Hoagland's nutrient solution delivered through an automated and computercontrolled drip irrigation system to ensure favorable nutrient and water conditions for
plant growth.
5.3.2

Treatments
The treatments included five levels of irrigation, 100, 80, 60, 40, and 20%, which

were maintained based on percent evapotranspiration (ET) values recorded on previous
day. Treatments were imposed 41 days after planting (DAP) and continued until the
harvest, 126 DAP. Each SPAR unit was set at the given soil moisture stress treatment. All
treatments were irrigated with the same water volume as in the 100% ET treatment until
the time that each treatment was imposed. The ET measured on a ground area basis (L
d−1) throughout the treatment period as the rate at which condensate was removed
(McKininon and Hodges 1985) by the cooling coils at 900-s intervals (Reddy et al. 2001;
Timlin et al. 2007) by measuring the mass of water in collecting devices connected to a
calibrated pressure transducer. Season- long mean ET values for each treatment are
provided in Table 1. The amount of irrigation provided to each treatment was adjusted by
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changing the duration of irrigation that was based on ET values recorded on the previous
day.
5.3.3
5.3.3.1

Measurements
Midday Leaf Water Potential and Soil Moisture Measurements
Throughout the experimental period (starting from 41 DAP to 126 DAP), soil

moisture contents were monitored using soil moisture sensors (5TM Soil Moisture and
Temperature Sensor, Decagon Devices, Inc., Pullman, WA) inserted at a depth of 15 cm
in every five random pots of each soil moisture treatment. Midday LWP was measured
on the uppermost recently fully expanded leaves from three plants using a pressure
chamber (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) between 1200 and
1400 h as described by Turner (1988), three times after imposing treatments, 48, 61, and
68 days after planting in each water-stressed treatment and in both the cultivars to track
plant water status in each water-stressed treatment.
5.3.3.2

Growth Measurements
Plant height and the number of nodes were recorded every week beginning from

14 DAP until harvest using four plants per cultivar from the each treatment. From the
measurements, change in plant height was calculated and plotted against number of days
after treatment. Plants were harvested 126 DAP and leaves and stems were separated
from roots to take individual dry weights. The separated leaves, stems, and roots were
placed in an oven and dried at 75°C for 72 h except for seed, which were air dried to
obtain total dry weights (TD).
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5.3.3.3

Quantification of Pod Distribution and Yield Component Measurements
At harvest (126 DAP), all the plants were sampled and the number of pods on

each node position, number of branches formed from the mainstem and number of pods
on each branch were counted to identify the differences in pod distribution patterns. After
the measurements, the pods were air dried at room temperature to determine pod dry
weights. After threshing with a thresher, seeds were air dried separately for each
treatment in order to take number of seeds (SN), seed yield (SY), 100-seed weight
(HSW), and harvest index (HI). Harvest index was calculated and expressed as kg seed
dry weight per kg of total dry weight.
5.3.4

Data Analysis
The SPAR chambers are identical in design to provide uniform growth conditions

(Fleisher et al., 2009). All data collected were analyzed using SAS 9.2 (SAS Institute
2011, Cary, NC) as a completely randomized design with twelve replications. Analysis of
variance (ANOVA) was used to determine crop parameter response to soil moisture
stress. Means among treatments were compared using least significant difference at
P<0.05 probability. The regression analyses were carried out using SigmaPlot version 13
(Systat Software Inc., San Jose, CA). The relationships between measured crop
parameters and the soil moisture content were tested for linear and sigmoidal functions
and the best-fit regressions were selected.
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5.4

Results and Discussion

5.4.1

Manipulation of Soil Moisture Stress Treatments
The soil moisture content, monitored throughout the experimental period by soil

moisture sensors was significantly different among various ET-based drought-stressed
treatments (Table 5.1), and this facilitated an accurate control of the five soil moisture
stress treatments in the SPAR chambers (Fig. 5.1).
Table 5.1

Environmental variables measured during the experimental period.

Soil
Mean
[CO2],
Mean daily
Mean daily ET,
Treatments moisture, Temperature,
-1
µmol
mol
VPD,
kPa
L d-1
m3 m-3
°C
100% ET
0.15a
26.09a
410a
3.5a
15.95a
80% ET
0.14b
26.19a
405a
3.3a
13.80b
60% ET
0.13c
26.48a
408a
4.2a
12.79c
40% ET
0.12d
25.64a
412a
4.0a
8.73d
20% ET
0.11e
25.96a
409a
4.2a
6.54e
Treatments based on the percentage of daily evapotranspiration (ET) imposed at 41 d
after planting, average soil moisture, mean temperature, chamber CO2 concentration,
vapor pressure deficits (VPD), and evapotranspiration (ET) during the experimental
period for each treatment.

Figure 5.1

A general overview of the Soil-Plant-Atmosphere-Research (SPAR)
chambers at Mississippi State University.

The picture was taken when the soybean plants were 60 days old.
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The other environmental variables such as day and night average temperatures,
VPDs, and carbon dioxide concentrations, however, were not significantly different
among the soil moisture treatments and cultivars (Table 5.1). On average, the measured
soil moisture content regulated through evapotranspiration-based irrigation showed 0.15
m3 m-3 for the control treatment (100% ET), followed by 0.14, 0.13, 0.12, and 0.11 m3 m3

for 80, 60, 40, and 20% ET treatments, respectively (Fig. 5.2A). Similar to soil moisture

fluctuations, measured evapotranspiration values also differed significantly among the
soil moisture treatments (Fig. 5.2B).

Figure 5.2

Volumetric soil moisture content, daily evapotranspiration, and solar
radiation.

(A) Volumetric soil moisture content established on evapotranspiration based irrigation,
and (B) daily evapotranspiration and solar radiation across treatments before and during
the experimental period. The arrow indicates the day treatments were imposed and the
time when all the soil moisture levels reached the desired treatment levels. Soil moisture
values are the average values of five soil moisture sensors at 15 cm depth soil column.
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In the study period (41 to 126 DAP and 85 days of treatment), the total
evapotranspiration recorded were 1372 L for 100% ET, 1187 L for 80% ET, 1099 L 60%
ET, 751 L and 562 L 20% ET-based irrigation treatments. During the experiment, the
incoming daily solar radiation (285–2800 nm) outside of the SPAR units, measured with
a pyranometer (Model 4-8; The Eppley Laboratory Inc., Newport, RI), ranged from 0.7 to
26.6 MJ m-2d-1 with an average of 16.4 MJ m-2d-1 (Fig. 5.2B). The evapotranspiration
among the treatments fluctuated with the changes in incoming solar radiation over the
growing season. The higher cloud/rain incidences restrained the ability of maintaining a
constant ET and hence attenuated the ET in some of the days (Fig. 5.2B). The
evapotranspiration was maximum during first 40 days after treatment (75 DAP) due to
maximum consumption of water for canopy development and reproductive growth, but
decreased afterwards due to plant maturity and shorter day lengths (Fig. 5.2B). The
fluctuations in soil moisture treatments over the treatment period were less compared to
fluctuations in ET (Table 5.1). The midday leaf water potentials (LWP), measured at 48,
61, and 68 DAP, ranged between -0.90 and -1.37 MPa across treatments, and increased
quadratically with increasing soil moisture content (Fig. 5.3). Midday LWP, however,
was not different between two cultivars within a treatment, but differed among
treatments. Midday LWP potential of -1.0 MPa was achieved at optimum soil moisture
content of 0.15 m3 m-3 soil. In this experiment, a semi-automated ET- and soil moisture
sensor-based irrigation under natural solar radiation levels similar to field settings
allowed us to develop processes related soil moisture functional algorithms for modeling.
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Figure 5.3

Relationship between soil moisture content and midday leaf water
potential.

Each data point is the mean of three measurements taken at 48, 61, and 68 days after
planting. The standard errors of means are shown when larger than the symbols. Since
there were no differences between the cultivars for midday leaf water potential within a
given treatment, a single quadratic function best described the relationship.
5.4.2

Growth and Developmental Attributes
Plant height and node number in both the cultivars showed a significant (Table

5.2) reduction at very low soil moisture levels (0.12 and 0.11 m3 m-3) when compared to
the control treatment (0.15 m3 m-3). At 126 DAP, the mean plant height was observed as
104 cm for the control treatment in Asgrow AG5332 cultivar followed by 102, 100, 95,
and 79 cm, respectively for 80, 60, 40, and 20% ET treatments. Progeny P5333RY, the
determinate type, on the other hand, exhibited shorter plants showing the average plant
heights as 86, 85, 84, 76, and 67 cm under 100, 80, 60, 40, and 20% ET treatments,
respectively (Figures are not shown).
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Table 5.2

Analysis of variance across soybean cultivars and soil moisture stress
treatments and their interactions.

Source of variance PH
NN
SY
SN
TDW
HI
Soil moisture (Trt) †***
***
***
***
***
***
Soybean (Cul)
**
***
**
††NS
*
***
Trt*Cul
*
*
*
NS
*
***
† *, **, *** represent significant differences at the 0.05, 0.01, and 0.001 P level,
respectively according to Fisher’s LSD. †† NS represents nonsignificant differences at
the 0.05 P level. Soybean morphological and yield parameters were measured 126 d after
planting; plant height (PH), node number (NN), seed yield (SY), seed number (SN), total
dry weight (TDW), biomass partitioning (BMP), and harvest index (HI).
The reduction of average plant height for Asgrow AG5332 was 24%, where as it
was reduced by 22% in Progeny P5333RY cultivar, when the soil moisture changed from
0.15 to 0.11 m3 m-3. The change in plant height, which was calculated each week until
harvest, subtracting the corresponding plant height when the treatment was imposed at 35
DAP, was substantially different across the treatments in both the cultivars (Fig. 5.4).
During the first two weeks of treatment execution, the change in plant height of Asgrow
AG5332 occurred at a slower rate; however, from that point until R5 stage, the change
was exponential till it came to a steady state afterwards (Fig. 5.4A). The determinate
type, Progeny P5333RY reached its maxima 2-3 weeks sooner resulting in shorter plants
as compared to the indeterminate Asgrow AG5332 (Fig. 5.4B). The shorter plants at
severe moisture stress levels were attributed to lesser number of mainstem nodes and
branches produced similar to other reports (Frederick et al., 2001). The mild (0.13 m3 m3

) or severe soil moisture stress (0.11 m3 m-3) reduced the leaf number and leaf size (data

not presented) in both the cultivars.
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Figure 5.4

Time-series analysis of change in plant height in two soybean cultivars.

Symbols represent the observed plant height values subtracting from the corresponding
plant height when the treatment was imposed. Each data point is the mean of change in
plant height of four individual plants and standard errors of means (SEMS) are shown
when larger than the symbols.
Moreover, prolonged soil moisture stress accelerated leaf senescence and led to
leaf drop, particularly of mature leaves under higher moisture deficit. Similar soil
moisture stress effects on plant height and leaf growth have been observed in previous
studies (Lokhande and Reddy 2014). In general, cell division and enlargement were
considered to be more sensitive to moisture stress resulting in reduced leaf size, stem
elongation, and fewer cells per leaf (Farooq et al. 2009; Khan et al. 2014). Agreeing with
the previous reports, the decrease in vegetative growth could be due to the inhibition of
cell elongation by the interruption of water flow from the xylem to the surrounding
elongating cells (Anjum et al. 2011), from the reduction in plant photosynthetic
efficiency (Farooq et al. 2009), or it might be due to reduction in relative turgidity and
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dehydration of protoplasm which is accompanied with reduced expansion growth by cell
division (Khan et al. 2014).
5.4.3

Yield Attributes and Pod Distribution Patterns
In the present study, the pod distribution pattern on the mainstem and branches

varied across both cultivars and irrigation levels (Fig. 5.5). The soil moisture deficit
(beyond 60% ET) caused the stressed plants to mature sooner and produced relatively
smaller, unfilled pods in both cultivars. A gradual decrease of fertile node number and
branch number was observed for both the cultivars when increasing the stress and the
lowest yield was obtained from 20% ET treatment (0.11 m3 m-3). Numerous studies have
shown that soil moisture stress imposed during the reproductive stages of soybeans can
decrease number of flowers, pods, and seeds (Brevedan and Egli 2003; de Souza et al.
1997; Westgate and Peterson 1993). Soybean yield is principally a function of seeds per
unit area, which determines by the number of pods and nodes per unit area (Egli and Yu
1991; Orlowski et al. 2016). The number of pods per plant is considered as the yield
component that is most responsible for a higher yield compensation of soybean
associated with greater mainstem node and branch development (Board and Modali 2005;
Federick et al. 2001; Kahlon et al. 2011).
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Figure 5.5

Pictorial representation of pod distribution patterns of two soybean
cultivars harvested 126 d after planting.

The average soil moisture conditions for five levels of ET based irrigation system from
left to right 100, 80, 60, 40 and 20% are given as 0.15, 0.14, 0.13, 0.12, and 0.11 m3 m-3.
The top and bottom images represent Asgrow AG5332 and Progeny P5333RY,
correspondingly.
5.4.4

Mainstem and Branch Pod Number and Distribution
Soil moisture stress had a large effect on mainstem and branch pod distribution

(Fig. 5.6). Averaged within the treatments, the middle portion (nodes 8-15) of the canopy
of both cultivars contributed more number of pods than the bottom (nodes 1-7) or top
(nodes 16+) regions (Table 5.3). In Asgrow AG5332, pods were distributed from node 4
to 23 (Fig. 5.6A) on the mainstem, while in Progeny P5333RY, the distribution was
observed from 5 to 17 nodes (Fig. 5.6B). The input from the bottom canopy region
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(nodes 1-7) to the total mainstem pod number was significantly greater (Table 5.3) in
Progeny P5333RY cultivar compared with the bottom region of Asgrow AG5332.

Figure 5.6

Soil moisture stress effects on mainstem and branch pod number of two
cultivars.

Asgrow AG5332 (A and C) and Progeny P5333RY (B and D) soybean cultivars were
harvested 126 d after planting. Each data point is the average of twelve individual plants
and standard errors of means (SEMS) are shown when larger than the symbols. The solid
lines represent the quadratic regression functions for the given response across each soil
moisture stress treatment.
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0.15
0.14
0.13
0.12
0.11

8a (12%)
8a (13%)
8a (14%)
8a (15%)
8a (19%)

36a (55%)
33b (53%)
32b (54%)
31b (57%)
26c (62%)

21a* (32%)
21a* (34%)
19ab* (32%)
15b* (28%)
9c* (21%)

65a (24%)
62a (23%)
59b (24%)
54b (23%)
42c (28%)

210a* (76%)
206a* (77%)
185b* (76%)
185b* (77%)
108c* (72%)

Total branch
pods, no. plant-1

275a*
268a*
244b*
239b*
150c*

Total
pods,
no.
plant-1

† Different lower case letters within a column are significantly different at P<0.05 and compare the soil moisture stress effects
on pod number. Among the subsections, the percent value followed by the lower case letter represents the percent contribution
of each canopy region to the total mainstem pod number. Also, for the each soil moisture stress treatment, the percent
contribution form mainstem and branch pod to the total number of pods is given within the parenthesis. The asterisk within a
column compares the main effect between the cultivars for pod number and denoted as * when the values are significantly
higher than the other cultivar at P<0.05.

0.15
13a* (19%)
48a* (69%)
9a (13%)
70a (27%)
191a (73%)
261a
0.14
13a* (21%)
43b* (68%)
7a (11%)
63b (27%)
170b (73%)
234b
0.13
12a* (21%)
41b* (73%)
4b (7%)
56c (34%)
163b (74%)
220c
0.12
9b (19%)
36c* (75%)
3c (6%)
48d (27%)
128d (72%)
176d
0.11
7c (17%)
32d* (76%)
3c (7%)
42d (30%)
96e (70%)
138e
The pods from the mainstem nodes were divided in to three main subsections as bottom (node 1-7), middle (node 8-15), and
top (node 16+). The mean total pods from the mainstem and branches and the average total pods per each plant were given
accordingly as influenced by different soil moisture stress treatments.

Progeny
P5333RY

Asgrow
AG5332

Cultivar

Total mainstem
pods, no. plant-1

Soil
moisture
(m3 m-3)
Pod numbers in each canopy region
(corresponding node, no. plant-1)
Bottom (1-7) Middle (8-15)
Top (16+)

The yield potential of two soybean cultivars based on the canopy region.

Table 5.3

In contrast, the top canopy region (nodes 16+) of the Asgrow AG5332, added
more number of pods towards the total mainstem pods than Progeny P5333RY.
Comparatively, a higher number of mainstem pods on the top region in Asgrow AG5332
might have been continuous addition nodes on the top region due to its indeterminate
growth habit. The input from the middle canopy region was significantly higher in
Progeny P5333RY (Table 5.3). For Asgrow AG5332, the input was 55 and 62%, under
control and 20% ET while under the same treatments, Progeny P5333RY added 69 and
76% contribution to the total pods from the middle of the canopy. The variation of the
pod numbers in the middle canopy region seemed to be primarily due to the flowering
pattern in the determinate type (Progeny P5333RY). This result suggests that determinate
growth habit has a direct effect on the formation of more number of pods in the middle
canopy region whereas indeterminate growth habit has a greater influence for the
formation of greater number of mainstem pods on the top canopy region.
Branch pod number exhibited a quadratic decline with increasing the branch
number from bottom to top on the mainstem (Fig. 5.6C). The pod yield compensation
from the branches, formed from first four branches was almost 80 and 85% for Asgrow
AG5332 (Fig. 5.6C) and Progeny P5333RY (Fig. 5.6D) cultivars, while it was reduced to
81 and 84% under severe water deficit respectively. In accordance with previous findings
(Board, 1987), branch pod yield was greater compared to the pod yield on the mainstem
and it was about thrice as high as mainstem pod yield. Thus, increasing soybean
branching would potentially lead to increased soybean yield even under stressful
environments. Averaged over the treatments, branch pod yield of Asgrow AG5332 and
Progeny P5333RY grown with 100% ET based irrigation was 49 and 50% higher than the
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branch pod yield of soybean under severe moisture stress (0.11 m3 m-3). For the same
treatment conditions, pod yield on the mainstem in Asgrow AG5332 and Progeny
P5333RY was 35 and 40% greater than the pod yield on the mainstem under 20% ET
(0.11 m3 m-3). This endorses the previous findings that soil moisture stress had apparent
effect on the vegetative and reproductive growth of the branches, increasing the branch
pod yield with optimum moisture content. Therefore, branch seed yield was more
sensitive to water stress conditions than mainstem pod yield (Board et al. 1990; Frederick
et al. 2001). With respect to 100% ET treatment, the contribution of branch pod yield to
total pod yield was 76% in Asgrow AG5332 and 73% in Progeny P5333RY (Table 5.3).
The number of total pods produced on the branches was 108 and 96 under 20% ET
treatment for Asgrow AG5332 and Progeny P5333RY cultivars correspondingly (Table
3). Branch pod number of both the cultivars under mild water stress (60 and 40% ET)
exhibited a significant reduction compared with control treatment where Asgrow
AG5332 had a higher pod number (185 pods plant-1) than for Progeny P5333RY (128
pods plant-1). Some studies have shown that the major fraction of pods and seed yield
were found on the branches as compared to the portion coming from the mainstem, and
reported that branch seed yield was about twice as high as mainstem seed yield (Board
1987). As reported in the previous studies, even though the mainstem yield is relatively
stable across the environments (Federick et al. 2001), branch yield has been reported to
be controlled by both genetics (Nelson 1996) and environmental factors such as soil
moisture stress (Board et al. 1990; Federick et al. 2001).
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5.4.5

Seed Number
The seed number exhibited a quadratic decline with increasing the soil moisture

stress (Fig. 5.7). The results of analysis of variance show that the two soybean cultivars
were not significantly different for seed number (Table 5.2). Means comparison has
shown that Asgrow AG5332 with 275 pods had the highest number of seeds (504 seed
plant-1) per plant compared to Progeny P5333RY with 261 pods and 494 seeds per plant
under control conditions (Fig. 5.7).

Figure 5.7

Soil moisture stress effects on average seed number of two soybean
cultivars.

Each data point is the average of twelve individual plants and standard errors of means
(SEMS) are shown when larger than the symbols.
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When the soil moisture varied from 0.15 to 0.11 m3 m-3, the total seed number
was reduced by 46 and 44% for Asgrow AG5332 and Progeny P5333RY, respectively.
This reduction in seed number may be due to the production of fewer pods per plant
under stressed condition. Previous studies have shown the importance of having a large
number of seeds per unit area to acquire a high soybean yield. Pod number per plant,
number of seeds per pod, and seed mass, affected soybean seed yield and these traits are
the most important components, which determine an improved soybean yield. Soil
moisture stress during seed filling stage leads to the largest reduction in seed number due
to the shortening of the duration of seed fill (Board 1987; Brevedan and Egli 2003).
5.4.6

Mainstem and Branch Pod Dry Weight
By consistent with mainstem pod number, mainstem pod dry weight also revealed

sigmoidal responses against the node number for both Asgrow AG5332 (Fig. 5.8A) and
Progeny P5333RY (Fig. 5.8B). Pods located in the middle canopy contained greater dry
weight than the pods positioned on the top or bottom regions. The treatment effect was
substantial for the mainstem pod dry weight where a significant reduction of mainstem
pod dry weight was observed under severe moisture stress (0.11 m3 m-3) compared to
control and mild water stresses. Branch pod dry weight responses to soil moisture stress
were similar to those of branch pod yield (Fig. 5.8C, D). The pods on the first four
branches had the highest dry weight for both the cultivars where it decreased significantly
when the moisture stress changed from optimum to severe.
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Figure 5.8

Soil moisture stress effects on mainstem and branch pod dry weight.

The two cultivars, Asgrow AG5332 (A and C) and Progeny P5333RY (B and D) were
harvested 126 d after planting. Each data point is the average of twelve individual plants
and standard errors of means (SEMS) are shown when larger than the symbols. The solid
lines represent the quadratic regression functions for the given response across each soil
moisture stress treatment.
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5.4.7

Total Weight, Seed Yield, and Harvest Index
The total dry weight of soybean plants exposed to moderate to severe soil

moisture stress was significantly less than their controls both in Asgrow AG5332 and
Progeny P5333RY (Fig. 5.9A). The decline of total dry matter under 0.11 m3 m-3
moisture content compared to the control was 43% in Asgrow AG5332 and 54% in
Progeny P5333RY. Both cultivars exhibited a quadratic decline in total dry matter with
respect to increasing soil moisture stress. There was a significant difference among the
treatments for seed weight (Fig. 5.9B), 100-seed weight (HSW) per plant, and harvest
index (Fig. 5.9C) when the soil moisture varied from control to severe stress. For
indeterminate Asgrow AG5332, HSW was 19 and 12 g per 100 seeds under 100 and 20%
ET while under same treatment conditions, Progeny P5333RY exhibited 17 and 12 g per
100 seeds (data not shown). 50 and 64% for Asgrow AG5332 and Progeny P5333RY
cultivars reduced the seed yield, respectively when the soil moisture content varied from
optimum to severe moisture stress (Fig. 5.9B). Generally, seed yield is a result of the rate
and duration of effective seed filling period; hence, this finding implies that the decrease
of seed yield under stress conditions might be due to the disruption of carboxylation and
remobilization of photosynthetic products during reproductive growth stages resulting in
pod and seed abortion. The average weight of seeds decreased with increasing the soil
moisture stress resulting in an increased number of small-shriveled seeds in the seed lot.
From previous studies, it was well established that the reduction of seed size is due to the
shortening of the seed filling duration rather than affecting seed growth rate under water
deficit.
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Figure 5.9

Soil moisture stress effects on total dry weight, seed yield, and harvest
index.

Asgrow AG5332 and Progeny P5333RY soybean cultivars were harvested 126 d after
planting. Each data point is the average of twelve individual plants and standard errors of
means (SEMS) are shown when larger than the symbols.
Similar to seed yield, harvest index (defined as dry seed weight (kg) per total
weight (kg)) also showed a significant difference among the cultivars and within the
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treatments (Fig. 5.9C). It declined linearly in both the cultivars where the decline was
steeper in Progeny P5333RY than in Asgrow AG5332. The harvest indices decreased by
16 and 21%, when the soil moisture content varied from control to severe stress. Overall,
under both control (100% ET) and 20% ET level (0.11 m3 m-3), Asgrow AG5332 has
shown higher values for pod number, seed number, seed dry weight, and harvest index
compared to the Progeny P5333RY. These results suggest that the indeterminate stem
growth habit directly has a positive effect on the yield attributes. Typically, nodes on the
mainstem of indeterminate type soybean continue to differentiate even after onset of
flowering, resulting in an increase of nodes. On the other hand, determinate types cease
vegetative activity at or soon after photoperiod-induced floral induction; hence, the
number of nodes likely to be considerably small (Tian et al. 2010). The large number of
nodes and branches on the mainstem may have caused the large number of pods and
seeds per plant of indeterminate type Asgrow AG5332 in the present study. Since stem
termination has great effects on plant height, flowering period, node production, and
maturity, indeterminate types with prominent genetic background might be much
advantageous to attain stable and improved yield potential under water stressed
conditions.
5.4.8

Biomass Partitioning
Soil moisture stress treatments significantly affected biomass partitioning among

plant components at the harvest (Fig. 5.10). Averaged across soil moisture stress
treatments, the biomass partitioning to stem and root increased by 9 and 12% in Asgrow
AG5332 under severe water deficit while leaf and seed decreased by 30 and 17%
compared to the control treatment (Fig. 5.10A). For Progeny P5333RY, leaf and seed
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partitioning decreased by 27 and 22%, whereas stem and root partitioning were increased
by 27 and 45% (Fig. 5.10B) respectively. This indicates that the soil moisture stress
imposed at reproductive stage increased the average biomass partitioning to stem and
roots, while partitioning to leaves and seeds was drastically reduced for both cultivars.

Figure 5.10

Soil moisture stress effects on biomass partitioning of two soybean
cultivars.

The different open symbols represent the percent biomass partitioning to the leaf, stem,
root, and seed under different soil moisture treatments, respectively. Each data point is
the average of twelve individual plants and standard errors of means (SEMS) are shown
when larger than the symbols.
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The allocation of nutrients and biomass partitioning among different plant organs
revealed the plant’s capability to adjust physiological and metabolic processes under the
given environmental condition. By increasing the biomass partitioning to the roots, it
promotes efficient uptake of water and nutrients in an effort to enhance carbon
assimilation under moisture stress condition. As reported in previous studies, soil
moisture stress inhibits the dry matter production mainly through its inhibitory effects on
leaf development, leaf area expansion, and subsequently reduced light interception (Nam
et al. 1998). Yield is a function of the amount of radiation intercepted, carbon
assimilation through canopy photosynthesis, and the percentage of this assimilates
allocated to yield components. Hence, reduced partitioning towards yield-related traits
such as pods and seeds contributed to a larger decline in yield under severe moisture
deficiency.
5.5

Summary
In this study, we compared two soybean cultivars having two different growth

habits for yield components and pod distribution patterns. Our results indicate that the
two soybean cultivars have marked variations in plant growth characters, yield- and
yield-attributes under soil moisture deficit. Extended soil moisture stress during
reproductive growth accelerated leaf senescence and led to leaf drop particularly mature
leaves under higher moisture deficit treatments. Asgrow AG5332, the indeterminate type,
exhibited taller stems and more nodes than determinate Progeny P5333RY cultivar.
Differences in mainstem and branch yield components were observed among the
cultivars under soil moisture stress treatments. For both the cultivars, the middle portion
of the canopy contributed a larger number of pods than the bottom or top regions and
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determinate growth habit had a large effect on the formation of more number of pods in
the middle canopy region than indeterminate growth habit. Branch pod yield was greater
in both the cultivars compared to the pod yield on the mainstem and it was about
threefold as high as mainstem pod yield. Therefore, the production of more branches per
plant could potentially increase the yield. However, branch pod yield was more
susceptible to soil moisture stress compared to mainstem yield suggesting that water
stress occurring at reproductive stage reduces soybean yield principally by reducing
branch growth, which results in fewer branch pods and seed yield. Asgrow AG5332 has
shown greater yields due to increased node, pod, and seed number, seed dry weight, and
seed production efficiency compared to the Progeny P5333RY. The identified soil
moisture and plant processes-dependent functional algorithms will be useful to improve
the existing soybean simulation models (Battisti and Sentelhas 2015; Keating et al. 2003;
Nendel et al. 2011), which could be used for field management. Cultivar selection for
high yield potential and yield characteristics may lead to faster cultivar improvement in
the breeding for high yielding varieties and could be advantageous for the soybean
producers for the adoption of best management practices aiming to increase seed yield.
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CHAPTER VI
SOYBEAN SEED PHYSIOLOGY, QUALITY, AND CHEMICAL COMPOSITION
UNDER SOIL MOISTURE STRESS
6.1

Abstract
Soybean seed quality is often determined by its constituents which are important

to sustain overall nutritional aspects. The objective of this study was to investigate the
effects of soil moisture stress during reproductive stage on seed quality and composition.
Plants were subjected to five levels of soil moisture stresses at flowering, and yield and
quality traits were examined at maturity. Seed protein, palmitic and linoleic acids,
sucrose, raffinose, stachyose, N, P, K, and Ca significantly decreased whereas oil, stearic,
oleic and linolenic acids, Fe, Mg, Zn, Cu, and B increased in response to soil moisture
deficiency. The relationship between seed protein and oil was negatively correlated. The
changes in seed constituents could be due to changes in nutrient accumulation and
partitioning in soybean seeds under water stress. This information suggests the
requirement of adequate soil moisture during flowering and seed formation stages to
obtain higher nutritional value of soybean seeds.
6.2

Introduction
Soybean [Glycine max (L.) Merr.] is an important grain legume and one of the

most valued oilseed crops in the world. Due to its unique chemical composition, it is
widely grown as a valuable agricultural commodity throughout the world mainly in the
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United States (117 mmt), Brazil (114 mmt), Argentina (58 mmt), China (13 mmt), and
India (12 mmt) (USDA, 2018). Soybean is mainly produced for soymeal and vegetable
oil. The seeds provide approximately 60% of the world supply of vegetable protein and
are considered to be a good substituent for animal protein (Liu, 1997). In addition,
soybeans are processed into several types of non-fermented (soy milk, tofu, soy cake) and
fermented (soy sauce, natto, tempeh) food products. Recently, soy foods and its bioactive
compounds received a significant attention because of their human health benefits by
lowering the risks of several heart diseases and cancers, including endometrial, breast,
prostate, colon, lung, and bladder cancers (Sun et al., 2002).
Environmental factors, which vary spatially and temporally during the growing
season and among years, play a major role in controlling soybean seed yield, quality, and
its chemical composition. Among many of these environmental factors, soil moisture
stress is undoubtedly one of the most important abiotic stresses causing a significant yield
and quality reductions in soybean. Soybean yield reduction due to soil moisture stress
depends on the severity and duration of the stress, genotype, and the growth stage (Piper
and Boote, 1999). The yield and quality losses during early vegetative stage have
reported to be less obvious than reproductive stage. However, some studies, have
reported a yield reduction due to reduced number of mainstem nodes and branches at
early vegetative stages (Brevedan and Egli 2003). During the reproductive stage, water
deficit accelerated leaf senescence, shortened the period of seed-filling, and reduced the
seed number and seed size (DeSouza et al., 1997). Soybean seed yield is related to the
number of seed bearing pods produced per unit area which also could be related to the
number of flowers produced by the plant and the proportion of flowers that develop into
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pods. Many studies have reported that flowering, pod development, and seed formation
stages are the most sensitive stages to soil moisture stress during soybean reproductive
stage which could affect in reducing yield through seed number and size reduction
(Dennis and Bruening, 2000). Therefore, the post-flowering phases are considered to be
the most critical periods of soybean development requiring optimum soil moisture for the
yield determination and seed quality improvement.
Due to the multiplicity of growing conditions, it is expected that soybeans
produced under numerous environmental conditions across the crop growing areas would
have varying seed quality and nutrient composition. Therefore, a better understanding of
environmental effects on seed composition is needed to improve management to optimize
seed nutrient profiles depending on their use in industry or human consumption
(Bellaloui et al., 2009; Reddy et al., 2016). Soybean seeds contain about 36% protein,
19% of oil, 30% carbohydrates, 5% crude fiber, and 5% of ash (Liu, 1997). In addition,
seeds contain both macro- and micro-nutrients such as N, P, K, Ca, Mg, Fe, Cu, Mn, Zn,
Co, and several other components, including vitamins B1, B2, and B6, as well as
bioactive compounds like isoflavones (Liu, 1997). Protein and oils are the two most
important constituents in the soybean seed, and their synthesis and deposition take place
over a long period during pod-filling. Protein accumulation begins in the developing
seeds 10-12 days after flowering, while oil starts to build up 15-20 days after flowering
(Yazdi-Samadi et al., 1977). The deposition of both these components continues until 70
days after flowering with the rapid deposition occurring 20-40 days after flowering
(Rose, 1988). Therefore, changing environmental conditions, such as soil moisture stress
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at post flowering period may have a considerable effect on soybean seed composition
(Rotundo and Westgate, 2009).
Many studies have demonstrated variability in seed protein, oil, and fatty acid
content of soybean exposed to elevated temperature (Thomas et al., 2003), high UV-B
radiation (Reddy et al., 2016), and drought (Dornbos and Mullen, 1992; Rotundo et al.,
2009; Rotundo and Westgate, 2009; Specht et al., 2001). Some studies have reported a
negative correlation between seed oil and protein (Reddy et al., 2016). The seed fatty
acids play a major role in oil stability, which is an important factor for end users of
soybean oils. Soybean oil contains about 16% saturated fatty acids, 23%
monounsaturated fatty acids, and 58% polyunsaturated fatty acids. Major saturated fatty
acids include palmitic (10 to 12%), and stearic (2.2 to 7.2%), and major unsaturated fatty
acids include oleic (24%), linolenic (8%) and linoleic (54%) acid (Bellaloui et al., 2012).
Studies conducted with soybean cultivars under controlled environment conditions have
documented that soybean plants exposed to high UV-B doses during seed development
have reduced protein, palmitic, and oleic and increased linoleic and linolenic acid and oil
contents (Reddy et al., 2016). Gibson and Mullen (1996) found that protein content was
slightly affected with increasing temperature, but oil content increased with an optimum
at 25 to 28°C, above which it started to decline. While many studies concerning
temperature and UV-B effect on soybean seed composition exist, the effect of soil
moisture stress has not been fully resolved. In some earlier studies it has been reported
that severe drought can lead to a decrease in protein concentrations (Specht et al., 2001),
but in some studies 4.4% increase in protein and 2.9% decrease in oil content have been
reported (Dornbos and Mullen, 1992). Rotundo et al. (2009) indicated a negative
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correlation between seed protein concentration and yield and reported a positive linkage
between leaf area and protein content, where they observed a high seed protein content
under higher leaf area index values. On the other hand, Dornbos and Mullen (1992) have
observed a little effect of soil moisture stress on the fatty acid composition, while high
temperature caused a significant reduction in the polyunsaturated components. These
studies however, failed to provide a complete analysis of whole nutrient profile under
varying soil moisture stress levels during soybean reproductive stage. Although some of
the previous studies identified relationships between environmental variables and
variables of different seed components, little work has been reported about the effect of
soil moisture stress on mineral composition, sugar content, and other chemical
composition at different water availabilities in soybean. Therefore, the objectives of this
study were to investigate the effect of soil moisture stress during the reproductive stage
on seed protein, oil, fatty acids, sugars, and macro- and micro-nutrients in two soybean
cultivars with distinct growth habits and to provide soil moisture-seed quality functional
algorithms that could be used to develop new modules in soybean crop models.
6.3
6.3.1

Materials and Methods
Facilities and Growth Conditions
An experiment was conducted at the Rodney Foil Plant Science Research facility

of Mississippi State University, Mississippi State, MS utilizing sunlit environmental
growth chambers. Initially, seeds from two soybean cultivars, Asgrow AG5332
(indeterminate type) and Progeny 5333RY (determinate type), representing the same
maturity Group V, were planted in pots (15.2 cm diameter by 30.5 cm high) outdoors
filled with 3:1 sand: top soil classified as sandy loam (87% sand, 2% clay, and 11% silt).
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Plants were irrigated with full-strength Hogland’s nutrient solution, and 30 days after
planting pots were moved inside the growth chambers. Inside the chambers, pots were
organized in a completely randomized design with twelve replications per cultivar
arranged in 6 rows with two pots per row. In total, one hundred and twenty pots were
used for the five soil moisture stress treatments. The treatments included five levels of
irrigation, 100, 80, 60, 40, and 20% which were maintained based on percent
evapotranspiration (ET) values recorded on previous day. Treatments were imposed 41
days after planting (DAP) and continued until harvest at 126 DAP. Initially, all plants
were irrigated with the same water volume as in the 100% ET treatment until the time
that each treatment was imposed. The ET measured on a ground area basis (L d−1)
throughout the treatment period as the rate at which condensate was removed by the
cooling coils at 900-s intervals (Timlin et al., 2007) by measuring the mass of water in
collecting devices connected to a calibrated pressure transducer. Throughout the
experimental period (starting from 41 DAP to 126 DAP), soil moisture contents were
monitored using soil moisture sensors (5TM Soil Moisture and Temperature Sensor,
Decagon Devices, Inc., Pullman, WA) inserted at a depth of 15 cm in every five random
pots of each soil moisture treatment. Season- long mean ET values for each treatment,
mean values of day/night temperature, chamber CO2 concentrations, and vapor pressure
deficit (VPD) are provided in Table S1. Plants were harvested 126 DAP and leaves and
all the plants were sampled in order to take total dry weight (TD) number of seeds,
individual seed weight, and seed yield. About 25 g of seed from each cultivar under each
treatment was ground using a Laboratory Mill 3600 (Perten, Springfield, IL) and the
ground material was analysed for protein, oil, fatty acids, sugar, and minerals.
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6.3.2

Measurement of Seed Protein, Oil, and Fatty Acids
Seed protein and oil were determined using near infrared (NIR) spectroscopy

(Wilox and Shibles, 2001) using a diode array feed analyser AD 7200 (Perten,
Springfield, IL) at USDA research facility in Stoneville, MS, USA. Perten’s Thermo
Galactic Grams PLS IQ software was used (Bellaloui et al., 2012) to produce calibration
equations and the curves were established according to AOAC (1990a, b) methods.
Analyses of fatty acids were performed based on an oil basis (Bellaloui et al., 2009;
Wilcox and Shibles, 2001).
6.3.3

Measurement of Seed Carbohydrates
Seed carbohydrate concentrations were determined using near infrared reflectance

(AD 7200, Perten, Springfield, IL) according to the procedure described by Bellaloui et
al. (2009) and Wilcox and Shibles (2001). Seed sugars such as sucrose, raffinose, and
stachyose were analysed based on a seed dry matter basis (Boydak et al., 2001).
6.3.4

Measurement of Seed Minerals
Twenty five grams of the seeds from each cultivar and each soil moisture stress

treatment were ground using Wiley Mill (Wiley Mill, Thomas Scientific, NJ, USA) by
passing through a 1 mm screen. The concentrations of seed mineral nutrients nitrogen
(N), phosphorus (P), potassium (K), Calcium (Ca), Magnesium (Mg), Zinc (Zn), Copper
(Cu), Boron (B), Iron (Fe), and Manganese (Mn) were determined in the ground seed
materials at the nutrient testing laboratory, Mississippi State University, MS, USA using
standard protocols (Plank, 1992).
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6.3.5

Data Analysis
Analysis of variance (ANOVA) was performed to determine crop parameter

response to soil moisture stress using SAS (SAS Institute 2011, Cary, NC). Means among
treatments were compared using least significant difference at P<0.05 probability. The
regression analyses were carried out using SigmaPlot version 13 (Systat Software Inc.,
San Jose, CA). The relationships among the soil moisture content and measured seed
parameters were tested for linear and sigmoidal functions and the best fit regressions
were selected.
6.4
6.4.1

Results and Discussion
Environmental Characterization
The soil moisture contents affecting soybean seed development and composition

were monitored throughout the experimental period using soil moisture sensors, and were
significantly varied among the treatments (Table 6.1). On an average, the measured soil
moisture content regulated through evapotranspiration based irrigation showed 0.15 m3
m-3 for the control treatment (100% ET), followed by 0.14, 0.13, 0.12, and 0.11 m3 m-3
for 80, 60, 40, and 20% ET treatments, respectively. In the study period (41 to 126 DAP
and 85 days of treatment), the total evapotranspiration recorded were 1372 L for 100%
ET, 1187 L for 80% ET, 1099 L 60% ET, 751 L for 40% ET, and 562 L for 20% ETbased irrigation treatments. The average day and night temperatures, VPDs, and CO2
concentrations, however, were not significantly different among the soil moisture
treatments and cultivars (Table 6.1).
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Table 6.1

Environmental variables during the experimental period.

Treatments based on the percentage of daily evapotranspiration (ET) imposed at 41 d
after planting, average soil moisture, mean temperature, chamber CO2 concentration,
vapor pressure deficits (VPD), and evapotranspiration (ET) during the experimental
period for each treatment.
Soil
Mean
[CO2],
Mean daily
Mean daily
moisture, Temperature,
-1
µmol mol
VPD, kPa
ET, L d-1
m3 m-3
°C
100% ET
0.15a†
26.09a
410a
3.5a
15.95a
80% ET
0.14b
26.19a
405a
3.3a
13.80b
60% ET
0.13c
26.48a
408a
4.2a
12.79c
40% ET
0.12d
25.64a
412a
4.0a
8.73d
20% ET
0.11e
25.96a
409a
4.2a
6.54e
† Soil moisture values are averaged for each treatment from 41 to 126 days after planting.
Values within a column with different letter are significantly different at P<0.05.
Treatments

6.4.2

Growth and Yield Attributes
Soil moisture stress had significant effects on total dry weight, seed number,

individual seed dry weight, and seed yield (Table 6.2). Lack of soil moisture during the
reproductive stage decreased the total dry weight at all the moisture stress levels
compared with the control (100% ET), but the reduction was more at 20% ET level. The
total dry weight for Asgrow AG5332 decreased by 43% when the soil moisture content
varied from 0.15 to 0.11 m3m-3 whereas Progeny 5333RY exhibited a 54% reduction
under the same soil moisture variation (Fig. 6.1A). This is in agreement with the previous
studies (DeSouza et al., 1997) where increased water stress caused a significant reduction
in total biomass of soybean.
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Source

Analysis of variance across soybean cultivars, soil moisture stress treatments, and their interactions.

Treatment (Trt) Cultivar (Cul) Trt*Cul
Biomass parameter
***
***
NS
Total dry weight, g plant-1
-1
***
NS
NS
Seeds, no. plant
-1
***
NS
NS
Seed weight, mg seed
-1
***
**
*
Yield, g plant
†Results of the analysis of variance (ANOVA) indicated as *, **, ***, and NS representing significance at the P ≤ 0.05,
P ≤ 0.01, P ≤ 0.001, and non-significant (P ≥ 0.05), respectively.

Table 6.2

Figure 6.1

The effect of soil moisture stress on soybean total dry weight, seed number,
individual seed weight, and yield.

The two cultivars, Asgrow AG5332 and Progeny P5333RY were harvested 126 d after
planting. Symbols represent the mean of six replications, while bars represent the
standard error. Lines are the best fit of a linear function.
Seed number was not significantly different among the cultivars (Table 6.2);
however, moisture stress treatments reduced the seed number and increased the
production of shriveled, wrinkled, and shrunken seed (Fig. 6.2) in the seed lot.
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Figure 6.2

Soil moisture stress effects on soybean seed number, size, and shape of
Asgrow AG5332 cultivar.

Each seed lot under each treatment represents 1/10 fraction of total seeds per plant. Due
to the absence of significant difference for the seed number among the cultivars, seeds
only from one soybean cultivar are shown here.
Under well-watered condition, seeds were large, full, and rounded in shape and
with the gradual increase in the moisture stress, the shape was changed into long-oval
with many of them were underdeveloped and misshapen. When the soil moisture varied
from control (0.15 m3 m-3) to severe stress (0.11 m3 m-3), the total seed number was
reduced by 45% for both the cultivars which could be due to the production of fewer pods
per plant under moisture stressed condition (Fig. 6.1B). Our findings were in consistent
with the previous findings of Samarah et al. (2009) in which they found that drought
stress reduced seed quality by not only producing small underdeveloped seed, but also by
decreasing the seed vigor and germination properties.
Typically, seed size is a function of the rate of seed growth and the amount and
duration of biomass accumulation and partitioning towards seed and thereby the seed dry
weight. Similar to seed number, individual seed weight (Fig. 6.1C) was also negatively
impacted by soil moisture stress treatments. The seed yield was reduced by 50 and 64%
for Asgrow AG5332 and Progeny P5333RY cultivars respectively (Fig. 6.1D) when the
soil moisture content varied from optimum to severe moisture stress. Lower seed yield
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could be due to the disruption of carboxylation and remobilization of photosynthetic
products during reproductive growth stages resulting seed abortion, lesser seed number,
and lower individual seed weight (Egli and Yu, 1991).
6.4.3
6.4.3.1

Seed Quality Parameters
Seed Protein and Oil Content
The percent protein content did not show a significant difference (P>0.05) among

the cultivars and it increased linearly with increasing the soil moisture content (Fig. 6.3).
The treatment 100% ET (0.15 m3 m-3), which achieved the highest yields, had the highest
protein content, followed by soil moisture treatments 80% ET (0.14 m3 m-3) and 60% ET
(0.13 m3 m-3), suggesting that maintaining a high level of soil moisture during the
reproductive stage was beneficial to acquire a higher protein content from soybean seed.
Lower protein content in soybean seed is undesirable for soymilk as well as tofu yield.
The protein content under well-watered condition (0.15 m3 m-3) was 37-39% of seed dry
mass, which was consistent with the range reported in the previous studies (Gao et al,
2009; Wilcox and Shibles, 2001). Similar to the present finding, Specht et al. (2001)
found that irrigation had a significant effect on the protein content of soybean and
reported increased protein content in multiple years. Contrary, Rotundo and Westgate
(2009) found that water stress during soybean seed filling increased protein content and
concluded that the increase in protein content did not necessarily due to the stimulation of
protein synthesis rather from a concentration effect due to lower biomass production
under the stress condition. However, Angra et al. (2010) proposed a mechanism to
explain the decrease in protein content under unfavorable environmental conditions in
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which lower protein content under water stress conditions could be due to the hydrolysis
and degradation of chaperones which were synthesized as a protection against drought.

Figure 6.3

Soil moisture stress effects on soybean seed protein and oil content.

The treatments were imposed at early flowering stage, 41 days after planting. Each data
point is mean of four replications and standard errors are shown if the values are larger
than the symbols.
Oil has a considerable importance to the soybean industry because of its high
economic value as a source of edible oil and a major renewable feedstock for biodiesel
production. In the present study, regardless of the cultivar effect, there was a significant
increase in oil content due to water deficit, or in other words, higher oil content was
observed under low soil moisture content. Under optimum soil moisture condition, oil
content ranged from 21 to 22% (Fig. 6.3), which is above the minimum value of 20%
required by the industry (Wilson, 2004). Seed from severely water-stressed plants,
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Asgrow AG5332 and Progeny 5333RY contained 3.4% and 10.4% more oil respectively
compared to the well-watered condition. Similar to our findings, Bellaloui et al. (2011)
also documented that severe drought can increase the oil content in soybean seed. Due to
the correlations with other seed composition traits such as seed yield and protein content
improving seed oil concentration while maintaining higher protein content is
complicated. In accordance with the previous studies (Bellaloui et al, 2009), soybean
protein and oil content exhibited an inverse relationship (Fig. 6.3). An increase of 1%
seed protein content has resulted in 1.5% decrease in oil content. The negative correlation
between oil and protein content could be due to (i) a single pleiotropic effect of QTLs
(Quantitative Trait Locus) with two alleles of protein and oil or due to (ii) a pair of tightly
linked QTLs (Specht et al., 2001; Sun, 2011). Due to a single pleiotropic QTL effect, two
alleles could have inverse effects on both oil and protein; one allele simultaneously
causes low protein and other allele high oil or one allele concurrently causes high protein
and other low oil. Due to the pair of tightly linked QTLs, high protein allele at the protein
QTL and the low oil allele at the oil QTL are locked into a repulsion phase giving rise to
low oil-high protein or low protein-high oil (Sun, 2011).
6.4.3.2

Seed Fatty Acids
The soil moisture stress treatments significantly affected the soybean seed fatty

acid contents (Fig. 6.4). Both oleic and stearic acid increased when higher the stress and
decreased linearly when increasing the soil moisture content (Fig. 6.4A). Conversely,
palmitic acid exhibited a linear decrease when increasing the stress (Fig. 6.4B). The
results of analysis of variance show that the two soybean cultivars were significantly
different for palmitic acid, but not for oleic, stearic, linoleic, and linolenic acids. The
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percent contents of polyunsaturated fatty acids such as linoleic and linolenic acids
exhibited an inverse relationship (Fig. 6.4C). Under optimum soil moisture condition, the
level of stearic, palmitic, and linolenic acids were in line with the previous reported
values, however oleic acid was lower and linoleic acid was little higher. According to
Henry (2010), optimal soybean fatty acid contents such as oleic, stearic, palmitic,
linoleic, and linolenic acids are 17.7-28, 2.5-5.4, 8-13, 49.8-59, and 5-11%, respectively.
In the present study, the most common monounsaturated fatty acid; oleic was in the range
of 16-17% and the major polyunsaturated fatty acid, linoleic was 61-61.5%,
correspondingly, under optimum soil moisture content. The fatty acid composition could
vary during seed formation due to number of factors, such as genotype and environment
factors. In our study, the oleic acid content was increased by 10% (Fig. 6.3A) and linoleic
acid was decreased by 2.5% (Fig. 6.4C) when the soil moisture content varied from
control (100% ET) to severe stress (20% ET).
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Figure 6.4

Soil moisture stress effects on soybean seed fatty acid content.

(A) oleic and stearic acids, (B) palmitic acid, and (C) linoleic and linolenic acids. The
treatments were imposed at early flowering stage, 41 days after planting. Each data point
is mean of four replications and standard errors are shown if the values are larger than the
symbols.
As reported for some other oil seed crops, such as sunflower, flax, and rape seed,
biosynthesis of oleic acid stimulates under stress condition, while decreasing the
desaturation rate, producing an increase in oleic acid containing triglycerides (MartinezForce et al., 1998; Mertz-Henning et al., 2018). Moreover, the activity of oleic acid
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desaturase enzyme has been reported to inhibit by stress conditions in soybean, giving
rise to increased quantities of oleic acid and reduced quantities of polyunsaturated fatty
acids such as linoleic and linolenic acids. Because linoleic and linolenic acids are
synthesized by the successive desaturation of oleic acid, when the desaturation rate of
oleic acid decreases, it hinders the synthesis of linoleic acids. Together with this
phenomenon, an increase in oleic and decrease in linoleic acids were recorded.
Nowadays, food industry is becoming increasingly interested in producing soybean seed
with a low concentration of polyunsaturated fatty acids (linoleic and linolenic) and a high
content of monounsaturated (oleic) and saturated (stearic and palmitic) fatty acids. This is
because linoleic and linolenic can be reduced by hydrogenation producing several types
of unhealthy trans isomers (Willet and Ascherio, 1994) leading to poor flavor, lower oil
stability, and health risks, while oleic acid is less susceptible to oxidative changes. Oils
with high proportion of oleic acid are more stable and contribute to reduction in
cardiovascular diseases and cancers in human (Bellaloui et al., 2012; Reddy et al., 2016).
Because of the neutral effect on serum lipoprotein cholesterol, a higher content of stearic
acid is preferred for oil production (Pearson, 1994). Moreover, a higher content of
palmitic acid increases the plasticity and stability of oil, which are important
characteristics in margarine production.
6.4.3.3

Seed Sugars
Soil moisture stress during soybean reproductive stage also impacted the sugar

content of the soybean seed. Two soybean cultivars were significantly different for
sucrose, raffinose, and stachyose (Fig. 6.5). Among the analyzed soluble sugars, sucrose
was the most abundant sugar followed by stachyose and raffinose. The sucrose and
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raffinose contents linearly decreased and the percent stachyose content linearly increased
with decreasing soil moisture deficit.

Figure 6.5

Soil moisture stress effects on soybean seed sugar content.

(A) sucrose, (B) raffinose, and (C) stachyose. The treatments were imposed at early
flowering stage, 41 days after planting. Each data point is mean of four replications and
standard errors are shown if the values are larger than the symbols.
Similar to our observation, Bellaloui (2012) has reported a positive correlation
between sucrose and raffinose with water stress, and a negative correlation between water
stress and stachyose. The control plants of Asgrow AG5332 grown at 100% ET level
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produced seed with 50% more sucrose (Fig. 6.5A), 1.7% more raffinose (Fig. 6.5B), and
18% less stachyose (Fig. 6.5C) than those grown at 20% ET, whereas Progeny P5333RY
exhibited 45% more sucrose (Fig. 6.5A), 4.8% more raffinose (Fig. 6.5B), and 12% less
stachyose (Fig. 6.5C), correspondingly. Previous studies have reported that activity of the
key enzyme involved in sucrose synthesis under drought conditions in soybean leading to
a several-fold decline than the other enzymes important for raffinose and stachyose
synthesis (Gonzalez et al., 1995). Our findings were in line with their observations where
percent sucrose content decreased much greater than raffinose and stachyose when higher
the soil moisture stress suggesting a higher sensitivity of sucrose to soil moisture stress
than other sugars. Sucrose is the principal end product of photosynthesis, which
translocates from leaves (source) to the developing seed (sink) through the phloem.
Drought has been reported to affect translocation of sucrose and other sugars due to
impaired photosynthesis process and the associated enzymes (Bellaloui, 2012). Sugar
content is an important quality attribute for animal feed and soyfood. Therefore, higher
sugar content, mainly sucrose is important as it increases the sweet taste and digestibility
in soyfood products such as tofu, soymilk, and natto. Raffinose and stachyose are
considered to be an important source of energy during seed germination; however, they
contain anti-nutritional factors which reduce nutrient utilization in animals contributing to
reduced gastrointestinal performance (Arendt and Zannini, 2013). Therefore, a higher
stachyose content that was observed in our study under soil moisture stress may not be
desirable because it is indigestible and can cause flatulence and diarrhea in nonruminants.
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6.4.3.4

Seed Mineral Composition
Minerals are essential for plant growth, development, reproduction, and seed

quality. Deficiencies in mineral uptake due to abiotic stress such as drought especially at
reproductive stage result in yield loss and poor seed quality (Bellaloui et al., 2013). In the
present study, the two soybean cultivars showed a significant difference for N, P, K, Ca,
Fe, and Mn (Fig. 6.6). Under well-watered condition (100% ET), seed N was
significantly higher for both the cultivars and decreased linearly when increasing the soil
moisture stress (Fig. 6.6A). This is consistent with the observed relationship between
protein and soil moisture (Fig. 6.3) in which a lower protein content under soil moisture
deficit could be due to lower N availability, assimilation, and partitioning under the
stressed condition. Since, N is the major component of amino acids; its availability could
affect protein content within the soybean seed. Overall, the soybean cultivar Asgrow
AG5332 showed higher N (Fig. 6.6A), K (Fig. 6.6C), Ca (Fig. 6.6D), and Mn (Fig. 6.6F)
contents compared to Progeny P5333RY. The determinate type Progeny P5333RY
showed higher P and Fe contents compared to indeterminate Asgrow AG5332 cultivar.
The P accumulation was lower under soil moisture stress (Fig. 6.6B). The percent P
content varied from 0.78 and 0.68% to 0.62 and 0.54% for Asgrow AG53332 and
Progeny P5333RY cultivars, respectively, when the soil moisture varied from 100 to 20%
ET. Even though the degree of influence of soil moisture stress reliant on the severity of
the stress, many studies reported that drought inhibits P uptake, absorption, translocation,
and accumulation (Bellaloui et al., 2013; Pinkerton and Simpson, 1986). Percent K
content showed a linear correlation with soil moisture content for Asgrow AG53332;
however, Progeny P5333RY cultivar exhibited a quadratic response (Fig. 6.6C).
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Figure 6.6

Soil moisture stress effects on soybean seed mineral content.

(A) nitrogen, (B) phosphorous, (C) potassium, (D) calcium, (E) iron, and (F) manganese.
The treatments were imposed at early flowering stage, 41 days after planting. Each data
point is mean of four replications and standard errors are shown if the values are larger
than the symbols.
The maximum K content (2.1%) was observed under 0.13 and 0.14 m3 m-3
moisture levels for Progeny P5333RY where as 2.4% was the maxima for Asgrow
AG53332 that was observed under well-watered condition (100% ET). The decrease in K
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mobility could be the possible reason not to having adequate K content in the soybean
seed under water deficit for both the cultivars. Both the cultivars showed a positive linear
correlation for the percent Ca content with soil moisture (Fig. 6.6D). The control plants
of Asgrow AG5332 grown at 100% ET level produced seed with 38% more Ca (Fig.
6.6D) than those grown at 20% ET, whereas Progeny P5333RY exhibited 26% more Ca.
Phosphorus, K, and Ca are typically not readily soluble in water therefore; those may
decrease with the amount of water supplied during the seed growth stage. The percent Fe
and Mn contents had inverse linear relationships with soil moisture. When the soil
moisture varied from 0.15 to 0.11 m3 m-3, Fe (Fig. 6.6E) and Mn (Fig. 6.6F) contents
were increased by 54 and 43% for Asgrow AG5332 and 9 and 35% for Progeny
P5333RY, respectively. The higher increase of Fe and Mn under soil moisture stress
conditions may indicate possible involvement of these nutrients in stomatal opening and
osmoregulation which in turn increase allocation of those nutrients towards seed
(Bellaloui et al., 2013).
The Mg concentration showed a quadratic decline with increasing the soil
moisture stress (Fig. 6.7A) which could be due to a decrease in its uptake under the
stress. Soybean seed came from 80% ET (0.14 m3 m-3) showed the maximum Mg content
(0.32 mg kg-1) and the least (0.22 mg kg-1) was observed under 20% ET level (Fig. 6.7A).
Soil moisture stress significantly affected the concentration of micronutrients of the
soybean seed. The Zn (Fig. 6.7B), Cu (Fig. 6.7C), and B (Fig. 6.7D) concentrations
increased by 33, 50, and 11% when the moisture content varied from control (100% ET)
to 20% ET.
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Figure 6.7

Soil moisture stress effects on soybean seed mineral content.

(A) magnesium, (B) zinc, (C) coper, and (D) boron. The treatments were imposed at early
flowering stage, 41 days after planting. Each data point is mean of four replications and
standard errors are shown if the values are larger than the symbols.

In contrast to our findings, Hu and Schmidhalter (2005) reported decreased B
uptake under drought stress due to low mineralization and limited mobility. In summary,
observed differences among the cultivars for palmitic acid, seed sugars, N, P, K, Ca, Fe,
and Mn could be due to their different growth habits (indeterminate and determinate) and
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inherited genotypic variations. The findings of the study suggest that maintaining
optimum soil moisture content during soybean reproductive stage is important for the
accumulation of enhanced levels of protein, sucrose, oleic, and macro nutrients in
soybean seed, which are desirable traits for processing soy products of improved quality.
Also, seed quality and soil moisture stress functional algorithms could be used to develop
new modules for seed quality in many existing crop models (Boote et al., 2013) that
could be used to optimize management during the growing season.
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CHAPTER VII
POOR SEED QUALITY, REDUCED GERMINATION, AND DECREASED
SEEDLING VIGOR IN SOYBEAN IS LINKED TO EXPOSURE OF THE
MATERNAL LINES TO DROUGHT STRESS
7.1

Abstract
Effects of environmental stressors on the parent may be transmitted to the F1

generation of plants that support global food and fiber production. This study was
conducted to determine if effects of drought stress on soybean are transmitted to the F1
generation. The germination and seedling vigor of F1 soybean whose maternal parents,
Asgrow AG5332 and Progeny P533RY, were exposed to soil moisture stress, that is, 100,
80, 60, 40, and 20% replacement of evapotranspiration (ET)] during reproductive growth,
were evaluated under controlled conditions. Pooled over cultivar, effects of soil moisture
stress on the parents caused a reduction in the seed germination rate, maximum seed
germination, and overall seedling performance in the F1 generation. The effect of soil
moisture stress on the parent induced irreversible change in the seed quality in the F1
generation, and the effects on seed quality in the F1 generation were exasperated when
exposed to increasing levels of drought stress. Results indicate that seed weight and
storage reserve are key factors influencing germination traits and seedling growth. Our
data confirm that effects of drought stress on soybean are transferable causing reduced
germination, seedling vigor, and seed quality in the F1 generation.
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7.2

Introduction
Soybean [Glycine max (L.) Merr.] is a globally important annual crop, and one of

the major export commodities providing oil and protein for both human and animal food.
Soybean is the second most planted field crop in the U.S. next to corn (USDA, 2017) and
accounts for about 90% of U.S. oil seed production. Hence, soybean production provides
a substantial input to the economic structure of the United States.
Soil moisture stress causes extensive losses to soybean production annually, and
losses due to drought stress are projected to increase due to climate change. Climate
change models indicate that historic precipitation patterns will change and drought stress
will become more severe in soybean growing regions in the United States (Zippet at al.,
2016). As soil moisture stress episodes are remarkably aggravated, in recent years,
greater importance has been directed to research on the unfavorable effects of soil
moisture stress on soybean crop performance and yield.
It is well known that variations in environmental conditions such as photoperiod,
water and nutrient status, and solar radiation can have an effect on plant growth and
development (Munnȇ-Bosch, 2013); however, we now understand that some effects of
environmental stressors are transmittable and have fitness and phenotype costs on the F1
generation (Cendán et al., 2013; Figueroa et al., 2010; Tielborger and Petru, 2010). For
instance, Nosalewicz et al. (2016), reported that exposing barley (Hordeum vulgare (L.))
to drought stress during reproductive stages decreased the shoot: root ratio and the
number of thick roots in the F1 generation. Moreover, exposing Astragalus nitidiflorus to
drought stress increased seed dormancy in the F1 generation (Segura et al., 2015).

156

If effects of environmental stressors are transmittable to the F1 generation of
plants that we depend on for food and fiber, then when, where, and how commercial seed
is produced may be more critical than originally thought. We know that the quantity and
quality of seed is reduced when produced in environments that have erratic precipitation
patterns, high evapotranspiration demands, and high atmospheric temperatures, and that
seed quality effects germination and seedling vigor (Dornbos et al., 1989; Fahad et al.,
2017; Figueroa et al., 2010; Tielborger and Petru, 2010). Yet, the majority of the seed
sold is produced in the same region where it is planted commercially.
There is growing evidences that effects of environmental stress are transmittable
to the F1 generation (Cendán et al., 2013; Donohue and Schmitt, 1988). Environmental
conditions influence seed size, the concentration of stress hormones in the seed, and
germination rates (Finkelstein et al., 2002; Thakur and Sharma, 2005). Elevated
concentrations of stress hormones in seed may have an effect on the physiology and
phenotypic expression through activation of the abscisic acid responsive element
controlled genes (Finkelstein et al., 2002). Additionally, epigenetic mechanisms that have
an effect on gene activity without changing the underling DNA sequence are transmitted
to successive generations leading to phenotypic modifications in the offspring (Lippman
and Martiensse, 2004; Berget et al. 2009). Many studies on Arabidopsis thaliana indicate
that stress-induced responses are inherited through the plant’s transgenerational stress
memory where the offspring adaptation to a particular stress is determined by the stress
response established by the parent (Boyko et al., 2010; Suter and Widmer, 2013). Some
studies have also reported that a previous exposure to a certain stress would help the plant
to acquire tolerance or to develop adaptive mechanisms to a same or different kind of
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stress during the crop cycle or over the generations (Jagadish et al., 2011; Paun et al.,
2010). To date, studies on transgenerational effects have been restricted to short-lived
annual plants like Arabidopsis thaliana. The objective of this study was to determine if
effects of drought stress on soybean are transmittable to the F1 generation and alter seed
germination and seedling vigor of the progeny in low soil moisture level environments.
7.3
7.3.1

Materials and Methods
Parental and Progeny Generations
Three independent experiments were conducted at the Environmental Plant

Physiology Laboratory, Mississippi State University, MS, USA during the 2015 through
2017 growing seasons. The first experiment was conducted in the Soil-PlantAtmosphere-Research (SPAR) chambers in 2015. Seed from an indeterminate, maturity
group V (Asgrow AG5332) and a determinate, maturity group V soybean cultivar
(Progeny P5333RY) were sown into 15.2-cm by 30-cm high polyvinylchloride (PVC)
pots that contained a 3:1 mixture of a sand: loam (87% sand, 2% clay, and 11% silt).
Prior to imposing drought stress at R1, experimental units were maintained at ambient
conditions outside the SPAR units. Forty one days after seeding (DAS) until
physioogicaly maturity, 126 DAS, the cultivars were placed in separate SPAR units and
exposed to 5 different levels of drought stress, 100, 80, 60, 40, and 20%
evapotranspiration (ET) replacement (Wijewardana et al. 2018a). Parental lines selffertilized under uniform SPAR conditions and generated 10 distinct F1 genetic lines, each
representing a distinct cultivar by drought stress treatment. At harvest, pods were
collected, air dried at room temperature, and seeds separated manually for inclusion in a
subsequent germination and vigor experiments.
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7.3.2

Measurement of Seed Quality and Chemical Composition
Seed from the first experiment were evaluated for protein, oil, fatty acids, sugars,

and mineral content as previously described (Wijewardana et al. 2018b). Briefly, seed
protein and oil were determined using near infrared (NIR) spectroscopy using a diode
array feed analyser AD 7200 (Perten, Springfield, IL) at USDA research facility in
Stoneville, MS, USA (Wilox and Shibles, 2001). Perten’s Thermo Galactic Grams PLS
IQ software was used to produce calibration equations and the curves were established
according to AOAC methods (1990a, b) methods (AOAC 1990 a, b; Bellaloui et al.,
2012). Analyses of fatty acids were performed on an oil basis (AOAC 1990a, b; Bellaloui
et al., 2009; Wilcox and Shibles, 2001). Seed sugar content for glucose, sucrose,
raffinose, and stachyose was determined using near-infrared reflectance (AD 7200,
Perten, Springfield, IL) and analysed based on a seed dry matter basis (Bellaloui et al.
2009; Wilcox and Shibles 2001; Boydak et al., 2002). The concentrations of seed mineral
nutrients including nitrogen (N), phosphorus (P), potassium (K), Calcium (Ca),
Magnesium (Mg), Zinc (Zn), Copper (Cu), Boron (B), Iron (Fe), and Manganese (Mn)
were determined at the Nutrient Testing Laboratory, Mississippi State University, MS,
USA using standard procedures (Plank, 1992).
7.3.3

Seed Germination Time Course Data for Parents and Offspring
To examine transgenerational effects of soil moisture stress on on the F1

generation, seed germination characteristics, seedling fitness, and tolerance to osmotic
stress was evluated in-vitro using polyethylene glycol (PEG, molecular weight 8000
Sigma-Aldrich Company, St. Louis, MO, USA) to mimic drought stress. Using a
previously described procedure, four replications of 100 seed of Asgrow AG5332,
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Progeny P5333RY, and the 10 F1 lines developed during experiment 1 were exposed to
six levels of osmotic stress including 0.0, -0.1, -0.3, -0.5, -0.7, -0.9 (Michael 1983). The
incubator was set at 25°C, which was the reported optimum temperature for the
germination of soybean seed (Butler et al., 2015). The plastic trays were vertically
stacked inside the incubator and rearranged every 4 h to minimize the potential of small
temperature fluctuations. Seeds were considered germinated when the radicle length was
greater than half the seed length. Counts were discontinued if no seed in a tray
germinated for five consecutive days.
7.3.4

Curve Fitting Procedure and Data Analysis
Germination time-course was fitted with a 3-parameter sigmoidal function (Eq. 1)

using SigmaPlot 13 (Systat Software Inc., San Jose, CA, USA):
t−t50

Y = MSG/{1 + exp [− Grate]}

Eq. 1

where Y is the cumulative seed germination percentage, MSG is the maximum
seed germination percentage, t50 is the time to 50% maximum seed germination, and
Grate is the slope of the curve (Seepaul et al., 2011).
Maximum seed germination and germination rate responses to osmotic potential
were analyzed using quadratic (Eq. 2) and linear (Eq. 3) regression functions for both the
cultivars. Based on the highest coefficient of determination (r2) value, the best curve
fitting model was obtained (Seepaul et al., 2011), therefore, MSG was modeled using a
quadratic function whereas SGR was modeled by a linear function. These model
functions provided regression constants to estimate maximum osmotic potential when
seed germination was zero (MSGOPmax) (Eq. 4) and maximum osmotic potential when
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seed germination rate was zero (SGROPmax) (Eq. 5), correspondingly, for both the
cultivars (Singh et al., 2017).
MSG = a + bx + cx2

Eq. 2

SGR = a + bx

Eq. 3

MSGOPmax = −b − (√−b2 − 4ac)/2c

Eq. 4

𝑆GROPmax = −a/b

Eq. 5

where x is the treatment osmotic potential and a and b are cultivar-specific
equation constants generated using regression functions in SigmaPlot 13.
The effect of duration, osmotic potential, and cultivar on cumulative percent
germination was tested using three-way ANOVA, followed by a Tukey multiple
comparison test. The same statistics was applied to analyze effect of maternal soil
moisture stress effects on offspring germination based parameters and seedling growth. In
addition, the replicated values of SGROPmax and MSGOPmax, estimated from linear and
quadratic functions, were analyzed using PROC GLM procedure of SAS. Means were
compared using Fisher’s protected least significant difference at P < 0.05 probability. The
Environmental Productivity Index (EPI) was utilized to quantify the soil moisture stress
effects on estimated seed germination-based parameters such as MSG, SGR, SGROPmax
and MSGOPmax (Nobel, 1991; Reddy et al., 1997, 2008). To obtain soil moisture stress
indices for the above parameters, the values were normalized by dividing estimated
values at control treatment (100% ET) by all estimated values. The resultant relative
indices ranged from 0 to 1, where, 1 indicates zero stress or the optimum soil moisture
and 0 indicates total stress or severe water deficit. The developed EPI values were tested
to understand difference between the cultivars and the regression analyses were
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performed on the relationship between derived values and the soil moisture. Critical
limits for seed germination based parameters as function of soil moisture content were
calculated as 90% of the control soil moisture treatment. Maternal Effects on Seedling
Vigor
To examine the transgenerational effects of soil moisture stress on seed
emergence and seedling vigor, the F1 generation from experiment 2 was exposed to three
levels of drought stress, 100%, 66%, and 33% of field capacity. The experiment was
conducted using pre-fabricated mini-hoop structures (rain-out shelters). Each structure
consisted of PVC framework with 4 MIL polythene wrapping having the dimensions of
2-m width x 1.5-m height x 5-m length. Seeds were sown in PVC pots (15.2-cm diameter
by 30.5 -m high) that contained a 3:1 mixture of a sand: loam (87% sand, 2% clay, and
11% silt). Pots were arranged in a completely randomized design with 4 replications per
cultivar organized in 2 rows with twenty-four pots per row. Four seeds were sown in each
pot but were thinned to one per pot 1 week after emergence. From emergence until 6
DAS, plants were maintaed at 100% of FC. Drought stress treatments were mposed 7
DAS and continuned until harvest, 29DAS. Throughout the experimental period, plants
were fertigated with full-strength Hoagland’s nutrient solution delivered through an
automated and computer controlled drip irrigation system. Soil moisture contents were
monitored using Decagon soil moisture sensors (5TM Soil Moisture and Temperature
Sensor, Decagon Devices, Inc., Pullman, WA) inserted at a depth of 15 cm in five
random pots of each treatment.
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7.3.5
7.3.5.1

Measurements
Physiological and Gas-Exchange Measurements
AT 26 DAS, leaf chlorophyll (Chl) content, epidermal flavonoids (Flav),

epidermal anthocyanin (Anth), and nitrogen balance index (NBI) were measured on the
uppermost recently fully expanded leaf with a Dualex® Scientific Polyphenols and
Chlorophyll Meter (FORCE-A, Orsay, France). Gas exchange and chlorophyll
fluorescence parameters were measured using LI-6400 photosynthesis system (LiCOR
Inc., Lincoln, NE). Measurements were made on the uppermost recently fully expanded
leaf from three plants in each cultivar from each treatment between 1000 and 1200 h.
While measuring photosynthesis (Pn), the instrument was set at 1500 µmol photon m-2 s1 photosynthetically active radiation, daytime temperature 29°C, 410 µmol mol-1 CO2,
and 50% relative humidity. The flow rate through the chamber was adjusted to 350 mol s1. Pn and the fluorescence (Fv′/Fm′) were recorded as the total coefficient of variation
(%CV) reached a value less than 0.5. The instrument itself calculates stomatal
conductance (gs), transpiration (E), and electron transport rate (ETR) by considering
incoming and outgoing flow rates and leaf area. Intrinsic water use efficiency (WUE) and
the ratio of internal (Ci) to external (Ca) CO2 concentration were estimated as the ratio of
Pn/Trans and Ci/Ca.
7.3.5.2

Growth and Biomass Components
At harvest plant height and the number of nodes were recorded (Wijewardana et

al., 2018a). Leaf area was measured using the LI-3100 leaf area meter (LI-COR, Inc.,
Lincoln, NE). Stems, leaves, and roots were separated from each plant and total dry
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weight per plant was calculated by adding dry weight of different plant components after
oven drying at 80°C for 5 days (Wijewardana et al., 2015, 2016).
7.3.5.3

Root Morphology
After separating the stem from the root system of each plant, roots were washed

with water on a sieve (Again, I would cite previous work). Washed roots were scanned
with a WinRhizo Pro optical scanner (Regent Instruments, Inc., QC, Canada) by floating
the individual root system in 5 mm of water in a Plexiglas tray (Brand et al., 2016; Reddy
et al., 2017, Wijewardana et al., 2018c). Gray-scale root images were acquired by setting
the parameters to high accuracy (resolution 800 × 800 dpi) and the images were analyzed
using WinRhizo Pro software. From the scanned images, WinRhizo Pro software
calculated seven root parameters including, root length, surface area, diameter, volume,
number of tips, forks, and crossings.
7.3.6

Data Analysis
Analysis of variance (ANOVA) was performed to determine the differences

among the cultivars and treatments for the seed quality traits, mineral composition,
growth, physiological, and root developmental parameters using SAS 9.2 (SAS Institute
2011, Cary, NC). Multiple comparison analyses were performed to identify cultivar
specific responses to treatment effects at P = 0.05 level of significance using t test.
Graphical analysis was carried out using Sigma Plot 13.0 (Systat Software Inc., San Jose,
CA).
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7.4
7.4.1

Results and Discussion
Seed Number and Individual Seed Weight
Soil moisture stress during reproductive stages had an effect on soybean pod (Fig.

7.1BA) and seed number (Fig. 7.1B), individual seed weight (Fig. 7.1C), and seed yield
(Fig. 7.1D). Pooled over cultivar (Table 7.1), seed number and seed weight decreased as
soil moisture level decreased. As soil moisture stress intensified, the production of small,
shriveled, and wrinkled seeds in the seed lot increased (Fig. 7.2). At severe water deficit
(20% ET), most of the seeds were long-oval shape and shrunken, whereas under wellirrigated condition (100% ET), seeds were large, full, and rounded in shape. Others noted
that soil moisture stress caused a reduction in seed number and individual seed weight
due to the reduction in biomass accumulation and partitioning towards seeds when plants
were under drought stress (Egli and Yu, 1991; Samarah et al., 2009). When soil moisture
stress begins in the early reproductive stages it causes flower abortion, while drought
stress during seed fill reduces carbon assimilation and causes smaller seeds, lower seed
weights, and reduced seed quality (Egli and Yu, 1991).
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Table 7.1

Analysis of variance across soybean cultivars, soil moisture stress
treatments, and their interactions.
Source

Treatment (Trt) Cultivar (Cul) Trt*Cul
Biomass parameter
-1
***
***
NS
Pods, no. plant
-1
***
NS
NS
Seeds, no. plant
-1
***
NS
NS
Seed weight, mg seed
-1
***
**
*
Yield, g plant
†Results of the analysis of variance (ANOVA) indicated as *, **, ***, and NS
representing significance at the P ≤ 0.05, P ≤ 0.01, P ≤ 0.001, and non-significant (P ≥
0.05), respectively.

Figure 7.1

The effect of increasing soil moisture stress on soybean pod number, seed
number, individual seed weight, and yield.

The soybean cultivars, Asgrow AG5332 and Progeny P5333RY harvested 126 d after
planting. Symbols represent the mean of six replications, while bars represent the
standard error. Lines are the best fit of a linear function.
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Figure 7.2

The effect of soil moisture stress on soybean seed number, size, and shape
of Asgrow AG5332.

Each seed lot under each treatment represents 1/10 of the total fraction of seeds collected
from one plant. Due to the absence of significant difference for the seed number between
the cultivars, seeds only from one soybean cultivar are presented.
7.4.2
7.4.2.1

Seed Germination Traits
Cumulative Percent Germination
A primary hypothesis of this research is that effects of drought stress are

transferable to the F1 generation, and that the effects are exasperated under in low
osmotic potential environments. In agreeing with our hypothesis, for both cultivars, seeds
from well-irrigated plants (100% ET) and their parental seeds germinated more
successfully and faster than seed formed under drought stressed environments (Fig. 7.3
and 7.4). Both cultivar and osmotic stress effect were significant for the percent
germination (Table 7.2). For given osmotic water potential and cultivar, percent
germination was inversely correlated with ET replacement level of the parental line. In
general, the percent germination of Progeny P5333RY was lower than that of Asgrow
AG5332 at all osmotic potentials except that of -0.9 MPa. No seeds from the parental
lines of Progeny P5333RY exposed to 40% ET replacement or Progeny P5333RY
exposed to 20% ET replacement germinated at an osmotic potential of -0.9 MPa osmotic.
No Asgrow AG5332 lines germinated at an osmotic potential of -0.9 MPa. Our data
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indicate that the maternal environment has a strong influence on both the timing of
germination and viability of soybean seeds. Seeds from stressful maternal environments,
especially from 40 and 20% ET replacement, germinated later and the proportion of nongerminated seeds remained higher at the end of the experiment. Others have noted a
variation in germination timing in different plant species with respect to adverse maternal
environments (Donohue, 2009; Donohue and Schmitt, 1998; Tielborger and Petru, 2010).
Table 7.2

Analysis of variance for different seed germination based parameters.

Source
CSG
MSG
t50
SGR
Osmotic potential (Trt) ¶***
***
***
***
Cultivar (Cul)
***
***
***
***
Time
***
Trt*Cul
***
***
***
***
Cul*Time
***
Trt*time
***
Trt*Cul*Time
NS
¶*** and NS represent significance level at P ≤ 0.001 and P > 0.05. The dash (‘-‘) sign
indicates that the ANOVA or the given term was not assessed. Osmotic stress treatments
(Trt), soybean cultivars (Cul), and their interactions (Cul × Trt) with cumulative percent
germination (CSG), maximum seed germination (MSG), time to 50% germination (t50),
and seed germination rate (SGR).
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Figure 7.3

Germination of the F1 generation in osmotic potentials ranging from 0.0 to
-0.9 MPa.

Parent lines for the F1 seed were collected from the soybean cultivar Asgrow AG5332
after exposure to soil moisture stress including replacement of 100, 80, 60, 40, and 20%
of the evapotranspiration demand. Symbols represent the mean of four replications, while
bars represent the standard error. Lines are the best fit of the 3-parameter sigmoidal
function.
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Figure 7.4

Germination of the F1 generation in osmotic potentials ranging from 0.0 to
-0.9 MPa.

Parent lines for the F1 seed were collected from the soybean cultivar Progeny P5333RY
after exposure to soil moisture stress including replacement of 100, 80, 60, 40, and 20%
of the evapotranspiration demand. Symbols represent the mean of four replications, while
bars represent the standard error. Lines are the best fit of the 3-parameter sigmoidal
function.
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7.4.2.2

Maximum Seed Germination and Rate
Similar to cumulative percent germination, drought stress during the reproductive

growth stages of the maternal line had an adverse effect on the maximum seed
germination and germination rate in the F1 generation (Table 7.3).
Table 7.3

Analysis of variance for different seed germination based parameters based
on parental environment.

Source

CSG

MSG

t50

SGR

Osmotic potential (Trt)

***

***

***

***

PE

***

***

***

***

Offspring (Cul)

***

***

**

**

Trt × PE

***

***

***

***

Cul × PE

***

**

**

**

Trt × Cul

***

***

**

**

Trt × Cul × PE

*

*

*

*

¶***, **, * and NS represent significance level at P ≤ 0.001, P ≤ 0.05, P ≤ 0.01, and P >
0.05. Osmotic stress treatments (Trt), parental environment (PE), soybean offspring
(Cul), and their interactions (Cul × Trt × PE) with cumulative percent germination
(CSG), maximum seed germination (MSG), time to 50% germination (t50), and seed
germination rate (SGR).
Moreover, maximum germination (Fig. 7.5) for most osmotic potentials was
inversely correlated with parents stress level at time of seed formation. Seed germination
rate also decreased in relation to the osmotic stress and the linear regression model best
described the relationship between SGR and osmotic potential (mean r2 = 0.95) (Fig. 7.6).
The effect of osmotic potential on maximum germination and the rate of germination
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could be due to reduced imbibition of water and subsequent effects on embryo growth
and development.
The transgenerational effect was exasperated with the F1 generation is exposed to
increased osmotic potentials. The transgenerational effect of drought stress on the MSG
and SGR differed between cultivar lines (Table 7.3). The seeds from 20% ET maternal
environment showed the lowest MSG for both Asgrow AG5332 (Fig. 7.5a) and Progeny
P5333RY (Fig. 7.5b) cultivars, where they showed 26 and 22% reduction in MSG
compared to their parents.
There were transgenerational differences between cultivar drought stress levellines (Table 7.3). At an osmotic potential of 0.0 MPA, the MSG of parent line for Asgrow
AG5332 was 3.3% greater than that of parent line of Progeny 5333RY. Stressful maternal
environments (20% ET), decreased rate of germination in which it ranged from 0.57 d-1
to 0.61 d-1 for Asgrow AG5332 and Progeny 5333RY, respectively at 0.0 MPa osmotic
potential compared to their parents. Seed germination rate is a key factor which
determines seed’s survival potential under desired or stressful conditions. With a rapid
germination, the chance of survival is much greater in terms of successful stand
establishment and rapid resource exploration.

172

Figure 7.5

Maximum germination of soybean seed from the F1 generation as a
function of osmotic potential.

F1 seed were collected from the soybean cultivar Asgrow AG5332 and Progeny
P5333RY after exposure to drought stress including replacement of 100, 80, 60, 40, and
20% of the evapotranspiration demand. Symbols represent the mean of four replications,
while bars represent the standard error. Lines are the best fit of a quadratic function.
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Figure 7.6

Germination rate of soybean seed from the F1 generation as a function of
osmotic potential.

F1 seed were collected from the soybean cultivar Asgrow AG5332 and Progeny
P5333RY after exposure to drought stress including replacement of 100, 80, 60, 40, and
20% of the evapotranspiration demand. Symbols represent the mean of four replications,
while bars represent the standard error. Lines are the best fit of a quadratic function.
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Equation constants

Equation
MSGOPmax constants
GRGOPmax

Maximum germination and estimated parameters of soybean seed from the F1 generation as a function of osmotic
potential.

Cultivars
MSG (%) a
b
c
r2
(MPa)
a
b
r2
(MPa)
Parent AG 96.25a
90.55 -57.00 -167.01 0.95 -0.59
0.69
0.66
0.91 -1.05
AG 100%
96.13a
89.06 -66.32 -181.18 0.98 -0.54
0.65
0.63
0.92 -1.03
AG 80%
92.01b
86.83 -59.38 -170.28 0.98 -0.56
0.62
0.58
0.90 -1.07
AG 60%
90.25b
85.82 -53.85 -163.83 0.98 -0.58
0.59
0.56
0.88 -1.05
AG 40%
78.04c
75.46 -36.48 -128.92 0.97 -0.64
0.59
0.54
0.87 -1.09
AG 20%
67.77c
67.35 -12.68 -95.18
0.98 -0.78
0.57
0.52
0.84 -1.10
Parent PR
92.75a
90.94 -51.78 -144.29 0.98 -0.63
0.69
0.59
0.99 -1.17
PR 100%
93.97a
88.75 -59.65 -170.53 0.98 -0.57
0.65
0.56
0.85 -1.16
PR 80%
91.88b
89.15 -40.85 -152.60 0.98 -0.64
0.61
0.53
0.92 -1.15
PR 60%
85.52c
83.34 -34.76 -137.84 0.99 -0.66
0.61
0.52
0.90 -1.17
PR 40%
82.08c
79.81 -35.60 -139.59 0.97 -0.64
0.61
0.62
0.95 -0.97
PR 20%
71.13d
70.89 -9.85
-99.54
0.98 -0.80
0.61
0.61
0.95 -1.00
F1 seed were collected from the soybean cultivar Asgrow AG5332 and Progeny P5333RY after exposure to drought stress
including replacement of 100, 80, 60, 40, and 20% of the evapotranspiration demand. Maximum seed germination (MSG),
quadratic equation constants (a, b, c), coefficient of determination (r2) for MSG, estimated maximum osmotic potential when
seed germination was zero (MSGOPmax), linear regression constants (a, b), coefficient of determination (r2) for seed
germination rate, and estimated maximum osmotic potential when SGR was zero (SGROPmax). AG and PG represents Asgrow
AG5332 and Progeny P5333RY correspondingly.

Table 7.4

7.4.2.3

Parameter Estimates
In our study, the parameter estimates, maximum osmotic potential when MSG

was zero (MSGOPmax) and maximum osmotic potential when SGR was zero
(SGROPmax) were obtained from the regression constants derived by the quadratic and
linear model functions of MSG and SGR (Table 7.4). These values give an indication of
cultivar’s critical germination potential at the given osmotic stress. The knowledge of
seed lethal osmotic potentials where we would expect zero MSG and SGR is essential for
seed conservation under limited water conditions as well as during drying and storage.
According to our observations, the parameter estimates were also modified by the
maternal environment (Table 7.4).
7.4.2.4

Seed Size, Individual Seed Weight, and Quality
Seed size and weight are key characters and known to be strongly influenced by

the maternal environment. Previous studies have found that seed weight was the driving
factor on the differences in germination timing due to changes in maternal environments
(Castro et al., 2006). Agreeing with our observations, individual seed weight linearly
correlated with maximum seed germination (Fig. 7.7a); with heavier and bigger seeds
tending to germinate much earlier and faster. The two soybean cultivars showed
significant differences (P<0.05) for seed weight, seed protein (Fig. 7.7b), palmitic acid
(Fig. 7.7c), and nitrogen (Fig. 7.7e) except sucrose (Fig. 7.7d) and phosphorus (Fig. 7.7f).
Overall, Asgrow AG5332 showed higher seed weight, proteins, fatty acids, sucrose, and
minerals signifying the genetic variation in the sensitivity to the soybean maternal
environmental variations.
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Figure 7.7

Relationship between maximum seed germination and other seed quality
parameters.

(a) Seed weight, (b) seed protein, (c) seed palmitic acid, (d) seed sucrose content, (e) seed
nitrogen content, and (f) seed phosphorus content of the parental seeds of two soybean
cultivars. The soil moisture stress treatments were imposed on the parents at early
flowering stage, 41 days after planting and continued until harvest (126 d after seeding).
Each data point is mean of four replications and standard errors are shown if the values
are larger than the symbols.
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Similar to seed weight, seed protein, palmitic acid, sucrose, nitrogen, and
phosphorus also exhibited linear correlations with respect to maximum seed germination.
This implies that heavier soybean seeds with the higher content of seed proteins, fatty
acids, sugars, and minerals and storage reserves were able to provide energy more rapidly
to germinating seed, which in turns increased the maximum seed germination and
germination rate. Therefore, the parental environment during seed development
apparently could have a significant impact on carbohydrate reserve, proteins, minerals,
and overall seed quality.
Although seed weight and quality appeared to affect seed germination traits for
the seeds came from stressful maternal environments, some other mechanisms might
have involved in the transmission of the observed maternal effects on the progeny. These
include epigenetic mechanisms such as histone modifications, DNA methylation, changes
in the frequency of homologous recombination, and changes in small and micro RNAs
(Boyko et al., 2010; Lippman and Martienssen, 2004; Suter and Widmer, 2013).
Furthermore, direct soil moisture stress effects on the accumulation of metabolites and
mRNA or proteins in the seeds (Cendán et al., 2013) can also play a vital role in
transmitting maternal effects to the offspring. However, our experiment methodology
does not permit to differentiate whether the observed changes are due to heritable or nonheritable transgenerational effects which decreased the fitness of the progeny under
water-stressed condition similar to their maternal environments.
The calculated environmental productivity indices (EPI) represent the fractional
limitation due to soil moisture stress and ranged from 0 to 1 where 0 is when the soil
moisture is totally limiting that particular seed germination trait, and 1, when it does not
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limit that parameter. By doing such, the effects of soil moisture on maximum seed
germination, seed germination rate, and other parameter estimates such as maximum
osmotic potential when MSG was zero (MSGOPmax) and maximum osmotic potential
when SGR was zero (SGROPmax) could be quantified in a changing soil moisture
environment without the other confounding factors such as temperature.

Figure 7.8

Soil moisture dependent environmental productivity indices (EPI) for
soybean seed germination based parameters.

Potential values were estimated by dividing the measured parameters by its estimated
maximum value at optimum (100%) level and expressed as fraction between 0 and 1.
In the present study, all the parameters declined linearly under moderate and
severe water stressed conditions except SGROPmax (Fig. 7.8). Since the two cultivars
did not show a significant difference, one linear regression was fitted for the two soybean
cultivars. Based on the estimated critical limits (CL), the parameter estimates
179

(MSGOPmax CL= 1.116 m3 m-3 and SGROPmax CL=1.110 m3 m-3) were lower than
MSG and SGR, indicating their less sensitivity towards soil moisture. The critical limit of
SGR (0.139 m3 m-3) was higher than that of MSG (0.133 m3 m-3); therefore, MSG was
more sensitive to soil moisture stress than SGR. This finding suggests that as 90% of
optimum soil moisture condition, the critical soil moisture level would be 0.11 and 0.14
m3 m-3 for soybean maximum seed germination and germination rate.
7.4.3

Maternal Effects on Seedling Establishment
A principle hypothesis of this experiment was that drought stress imposed during

the reproductive stages of soybean has a transferable effect on seedling growth and
development in the F1 generation. The maternal environment had an effect (Table 7.5) on
the rate of emergence of F1 seedlings, and the effect was exasperated as the average soil
moisture content decreased from 0.14 to 0.07 m3 m3 (Fig. 7.9). Pooled over cultivar,
seeds from a maternal environment receiving 100% ET replacement emerged 120%
faster than seeds from a maternal environment receiving 20% ET replacement (Fig. 7.10).
The slower rate of emergence from soybean seeds that developed in a 20% ET
replacement environment might be due to the effect of drought stress on seed mass and
quality (Dornbos, 1989: Samarah, 2009).
Drought stress imposed during the reproductive stages of soybean also had a
transferable effect on shoot growth and developmental (Fig. 7.11). Pooled over cultivar,
parameters, measured at 29 days after seeding, decreased in response to increasing soil
moisture stress for plant height (Fig. 7.12A), leaf area (Fig. 7.12B), and biomass
components.
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***
***
***
***
NS
**
NS
*
***
***
*
NS
***
NS

NS

**
*
NS
***
***
***
***
***
***
***

Treatment (Trt)

NS
***
***
***
NS
NS
NS
NS
**
*
NS
NS
***
NS

NS

NS
**
NS
***
NS
NS
NS
NS
***
NS

Cultivar (Cul)

***
***
***
***
NS
NS
NS
NS
***
***
*
NS
***
NS

*

*
*
NS
***
***
***
***
NS
***
***

PE × Cul

NS
***
***
**
NS
NS
NS
NS
**
*
NS
NS
*
NS

NS

NS
*
NS
*
NS
NS
NS
NS
**
NS

Trt × Cul

***
***
***
***
NS
NS
NS
NS
***
***
*
NS
***
NS

*

*
**
NS
***
***
***
***
**
***
***

PE × Trt

NS
***
***
***
NS
NS
NS
NS
**
*
NS
NS
*
NS

NS

*
*
NS
**
NS
NS
NS
NS
**
NS

PE × Trt × Cul

¶*, **, *** represent Significance levels at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001. NS represents P > 0.05. Soybean vegetative
growth, development, physiological, and root traits were measured at 18 days after sowing (DAS). Nitrogen balance index
(NBI), stomatal conductance (gs), transpiration (E), the ratio of internal to external CO2 concentration (Ci/Ca), fluorescence
(Fv'/Fm'), and electron transport rate (ETR).

Root volume, mm plant
Root tips no., plant-1
Root forks no., plant-1
Root crossings no., plant-1
Chlorophyll
Flavonoids
Anthocyanin
NBI
Photosynthesis, µmol CO2 m-2 s-1
gs, mol H2O m-2 s-1
Transpiration, mmol H2O m-2 s-1
Fv'/Fm'
ETR, µmol m-2 s-1
Ci/Ca

***
***
***
***
NS
NS
NS
NS
***
***
*
NS
***
NS

*

Root diameter, mm plant-1
-1

*
*
NS
***
***
***
***
***
***
***

Plant parameter
Seedling emergence, d
Plant height, cm plant-1
Node no., plant-1
Leaf area, cm2 plant-1
Leaf weight, g plant-1
Stem weight, g plant-1
Root weight, g plant-1
Total dry weight, g plant-1
Root length, cm plant-1
Root surface area, cm2 plant-1

3

PE

Analysis of variance across the irrigation treatments, parental environment, cultivars, and their interaction.

Source

Table 7.5

Figure 7.9

Temporal trends in the average soil moisture content.

The F1 generation of soybean was exposed to three levels of drought stress starting 6
days after seeding. Drought stress levels included maintaining the soil moisture content at
100, 66, and 33% of field capacity. The F1 generation was collected from the soybean
cultivars Asgrow AG5332 and Progeny P5333RY after exposure to drought stress
including replacement of 100, 50, 60, 40, and 20% of the evapotranspiration demand.
Symbols represent the mean of eight replications that have been pooled over cultivar.
Standard error bars are not displayed when smaller than the symbol for the mean.
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Figure 7.10

Days to emergence and rate of emergence for the F1 generation.

The F1 generation of soybean cultivar Asgrow AG5332 and Progeny P5333RY exposed
to drought stress including replacement of 100, 80, 60, 40, and 20% of the
evapotranspiration demand. Each data point is the mean of four replications pooled over
cultivar, while bars represent the standard error of the mean. Lines are the best fit of a
linear function.
The leaf area, stem and leaf dry weights, and total weight of the offspring plants
grown under both control (100% FC) and 33% FC were consistently lower than the
offspring from control maternal treatment (100% ET) and parents. The mean leaf area
(Fig. 7.12A) and total dry weight (Fig. 7.12C) were reduced by 48% at the 100% FC
(control treatment) in Asgrow AG5332 offspring from 20% ET maternal treatment,
compared to the parent plant at the same irrigation treatment. The offspring of Progeny
P5333RY from 20% ET maternal treatment, on the other hand, exhibited 61 and 55%
reduction for leaf area and total dry weight, respectively, compared to its mother plant.
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Figure 7.11

Shoot growth for the F1 generation of soybean cultivar Asgrow AG5332
and Progeny P5333RY.

Parent plants were exposed to drought stress including replacement of 100, 80, 60, 40,
and 20% of the evapotranspiration demand.
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Figure 7.12

Plant height, leaf area, and total dry weight for the F1 generation.

The F1 generation of soybean cultivar Asgrow AG5332 and Progeny P5333RY exposed
to drought stress including replacement of 100, 80, 60, 40, and 20% of the
evapotranspiration demand. Each data point is the mean of four replications pooled over
cultivar, while bars represent the standard error of the mean. Lines are the best fit of a
linear function.
In addition, root length, surface area, root diameter, number of tips, forks, and
crossings were also lower in soil moisture stressed offspring compared to their parents
(Fig. 7.13).
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Figure 7.13

Root tips, forks, and crossings for the F1 generation.

The F1 generation of soybean cultivar Asgrow AG5332 and Progeny P5333RY exposed
to drought stress including replacement of 100, 80, 60, 40, and 20% of the
evapotranspiration demand. Each data point is the mean of four replications pooled over
cultivar, while bars represent the standard error of the mean. Lines are the best fit of a
linear function.
Regardless the maternal environmental effects, all the soybean plants showed less
lateral branching close to the surface layer and more tap root elongation towards the
deeper layers of soil under sub-optimal soil moisture conditions (66 and 33% FC),
compared to the optimum irrigation (100% FC) (Fig. 7.14). Having a longer tap root
system could be a drought adaptive mechanism to increase water and nutrient uptake
under stressed conditions (Fenta et al., 2014; Kunert et al., 2016). Overall, parental plant
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and the plant from optimum maternal environment had highly branched, longer, and
thicker root system compared to the root systems of offspring plants from stressed
maternal environments (Fig. 7.14).

Figure 7.14

Root growth for the F1 generation of soybean cultivar Asgrow AG5332
and Progeny P5333RY.

Parent plants were exposed to drought stress including replacement of 100, 80, 60, 40,
and 20% of the evapotranspiration demand.
Similar to growth and developmental traits, physiological and gas-exchange traits
of the offspring were also affected by maternal environments (Fig. 7.15). Lower content
of chlorophyll and increased content of flavonoids were observed in offspring from
stressed maternal environments. Typically, flavonoids production is influenced by
genotype and environmental factors (Wijewardana et al., 2018c), particularly an
increased production in the leaf as a protective mechanism against abiotic stresses. The
net photosynthesis (Pn) (Fig. 7.15A), stomatal conductance (gs) (Fig. 7.15B), and Ci/Ca
were consistently lower in the offspring plants than the parents irrespective of the
irrigation treatment. The Pn was reduced by 62, 57, and 53% in Asgrow AG5332
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offspring at 100, 66, and 33% FC while the reduction was 48, 57, and 50% for Progeny
P5333RY when compared to their parents (Fig. 7.15A).

Figure 7.15

Photosynthesis, stomatal conductance, and electron transport rate for the F1
generation.

The F1 generation of soybean cultivar Asgrow AG5332 and Progeny P5333RY exposed
to drought stress including replacement of 100, 80, 60, 40, and 20% of the
evapotranspiration demand. Each data point is the mean of four replications pooled over
cultivar, while bars represent the standard error of the mean. Lines are the best fit of a
linear function.
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Regardless of the maternal environments, gs, and Ci/Ca both decreased with
increasing soil moisture stress. Although many studies have reported that gs is the main
factor which is responsible for the net photosynthesis reduction (Ku et al., 2013; Siddique
et al., 1999) compared to non-stomatal limitation such as specific impairments of key
metabolic enzymes (Rubisco), decrease in energy consumption, and decrease in the
chemical and enzymatic reactions (Cornic et al., 2000; Lauer and Boyer, 1992), our
findings suggested the involvement of both stomatal and non-stomatal factors for the
decrease in net photosynthesis in soybean both parents and offspring.
7.5

Summary
In conclusion, this research confirms that effects of drought stress imposed on

maternal soybean lines during reproductive growth is transferable to the F1 generation
causing reduced fitness and tolerance to drought stress. The transgenerational effects of
drought stress on germination of the F1 generation were correlated with seed weight,
protein, fatty acids, seed carbohydrates, and minerals. The correlation between
germination and the aforementioned parameters indicate that drought stress has an effect
on how the maternal lines allocates seed storage reserves which, subsequently, has an
effect on seedling emergence and growth in the F1 generation.
The effect of environment has serious ramifications for seed production and
multiplication companies. Our data indicate that seed produced in environments where
drought occurs during or through the reproductive stages is deleterious to seed production
and multiplication. The smaller, poor quality seeds that resulted from stressed maternal
environment could result in lower seedling survival in progeny, making them less
adapted to withstand drought stress in subsequent generations. However, although we
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concluded that the main factor responsible for offspring susceptibility to soil moisture
stress was the difference in seed size and storage reserve, different epigenesis-based
mechanisms also cannot be excluded when describing the maternal effects on offspring
fitness.
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CHAPTER VIII
GENERAL SUMMARY AND CONCLUSIONS
Soil moisture stress has an adverse effect on soybean growth and developmental
processes, which often causes decreased plant performance and reduced yield. Although
drought stress effects on soybean are well-documented, quantitative relationships
describing the effects of drought stress on whole plant processes and transgenerational
effects of drought stress on seed and seedling fitness is lacking. Six different experiments
were conducted to quantify the effects of drought stress on the growth, development, and
physiological processes of soybean. The objectives of this study were to evaluate the
influence of different levels of soil moisture stress on vegetative and reproductive growth
of two soybean cultivars with determinate and indeterminate growth habit and to provide
functional algorithms for various growth and developmental traits as a function of soil
moisture conditions, to develop mathematical functional algorithms between soil
moisture stress and crop responses for modeling. The first experiment was conducted invitro in order to understand the germination responses to osmotic stress. The second,
third, and fourth experiments were conducted in the sunlit plant growth chambers know
as Soil-Plant-Atmosphere-Research (SPAR) units imposing five levels of
evapotranspiration-based irrigation (100, 80, 60, 40, and 20% ET) at three different
growth stages (V1, V5, and R1). The fifth experiment was conducted to determine the
soil moisture stress effects on soybean seed quality and chemical composition. The last
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experiment (Experiment VI) was performed to determine the transgenerational response
of two soybean cultivars with diverse growth habits to quantify the maternal effects on
the soybean seed and offspring growth and developmental processes.
The soybean seed germination was affected by increased osmotic stress. The
estimated maximum seed germination (MSG) and seed germination rate (SGR) decreased
with decreasing osmotic potential and the critical osmotic potentials for the above seed
germination-based parameters were -0.99 and -1.17 MPa for Progeny P5333RY and -0.93
and -1.05 MPa for Asgrow AG5332, respectively. The threshold and lowest osmotic
potentials for optimum soybean seed germination were -0.3 MPa and -0.9 MPa,
correspondingly. Seed mineral content correlated with the weight of the seeds and
germination. The determinate cultivar Progeny P5333RY was the most tolerant to PEG
stress and appeared to germinate more rapidly compared to Asgrow AG5332 under
osmotic stress.
During the early seedling growth stage, the two soybean cultivars with different
growth habit exhibited substantial variability in their absolute responses to soil moisture
stress for all the traits measured. Although, Progeny P5333RY showed the increased
tolerance to osmotic stress at the seed germination stage, it was more sensitive to soil
moisture stress at the seedling stage showing the highest reduction in plant height, leaf
area, and total dry weight compared to Asgrow AG5332. Under severe water deficit
conditions, both the cultivars showed less lateral branching of roots in the top layers of
the soil and deeper tap root systems. Asgrow AG5332 had more vigorous root system
compared to Progeny P5333RY. Root morphological and architectural parameters of both
the cultivars were more sensitive to soil moisture stress than vegetative and physiological
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traits. The decline in photosynthesis in soybean plants at the early growth stage seems to
be related to mainly stomatal closure. The plant processes when expressed cultivar
specific maximum values under optimum conditions, were not different between the
cultivars. Therefore, the identified soil moisture stress induced shoot, root, and
physiological parameters should be useful for modeling and could improve the
functionality of soybean models for field-based applications.
Soil moisture stress-induced reduction in midday leaf water potential, leaf
photosynthesis, stomatal conductance, transpiration, and canopy reflectance confirmed
the soybean plant sensitivity to crop water status. This study also revealed that soybean
water status could be quantitatively monitored using measures of midday leaf water
potential, soil moisture, and gas exchange. The leaf gas exchange and canopy reflectance
tratis had relatively strong correlations with midday leaf water potential. Similar to the
observation made during soybean early growth stage, stomatal regulation was the major
limitation for photosynthesis under soil moisture stress condition at the vegetative growth
stage and the severe moisture stress caused additional non-stomatal limitation to
photosynthesis. Severe water stress condition considerably decreased stem elongation,
node addition, and total plant biomass. The cultivar Asgrow AG5332 was more soil
moisture stress tolerant than Progeny P5333RY with respect to physiological adaptation
associated with growth and developmental attributes. The soil moisture stress-induced
reduction in chlorophyll clearly exhibited oxidative stress; whereas, increased carotenoids
could be a protective mechanism to overcome oxidative damage to photosystem II. The
calculated spectral indices showed strong correlations with midday leaf water potential
suggesting that those indices are good indicators to detect water status in soybean under
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suboptimal soil moisture conditions. These canopy reflectance indices may be used to
understand plant water relations and canopy structure to help soybean growers to make
field management decisions during the growing season.
At the reproductive stage, the two soybean cultivars have marked variations in
plant growth characters, yield- and yield-attributes under soil moisture deficit.
Differences in mainstem and branch yield components were observed among the
cultivars under soil moisture stress treatments. Branch pod yield was about threefold as
high as mainstem pod yield in both the cultivars; however, it was more susceptible to soil
moisture stress compared to mainstem yield. This suggests that water stress occurring at
reproductive stage reduces soybean yield principally by reducing branch growth, which
results in fewer branch pods and seed yield. Irrespective of the difference in growth habit,
the middle portion of the soybean canopy contributed a larger number of pods than the
bottom or top regions. The determinate growth habit had a large effect on the formation
of more number of pods in the middle canopy region than indeterminate growth habit.
Asgrow AG5332 has shown greater yields due to increased node, pod, and seed number,
seed dry weight, and seed production efficiency compared to the Progeny P5333RY,
probably due to its indeterminate growth habit.
Soil moisture stress caused a reduction in soybean seed protein, palmitic and
linoleic acids, sucrose, raffinose, stachyose, N, P, K, and Ca; however it increased oil,
stearic, oleic and linolenic acids, Fe, Mg, Zn, Cu, and B. The relationship between seed
protein and oil was negatively correlated and their response water stress conditions
behaved differently, it will provide a challenge for breeders to increase these two traits
under stressful conditions. The changes in seed constituents could be due to changes in
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nutrient accumulation and partitioning in soybean seeds under water stressed condition.
This information suggests the requirement of adequate soil moisture during flowering and
seed formation stages to obtain higher nutritional value of soybean seeds. The findings of
the study suggest that maintaining optimum soil moisture content during soybean
reproductive stage is important for the accumulation of enhanced levels of protein,
sucrose, oleic, and macro nutrients in soybean seed, which are desirable traits for
processing soy products of improved quality.
The transgenerational study demonstrated that maternal soil moisture stress
effects apparently caused a significant impact on the soybean offspring fitness. Overall,
Asgrow AG 5332 showed higher seed weight, proteins, fatty acids, sucrose, and minerals
signifying the genetic variation in the sensitivity to the soybean maternal environmental
variations. We also noticed that some changes in seed germination characteristics,
growth, developmental, and physiological changes in seedlings that may help to explain
some of the aspects of the epigenetic effects. Seed weight, seed protein, palmitic acid,
sucrose, nitrogen, and phosphorus exhibited linear correlations with maximum seed
germination suggesting that heavier soybean seeds with the higher content of proteins,
fatty acids, sugars, minerals, and storage reserves were able to provide energy more
rapidly to germinating seed which in turn increased the maximum seed germination and
germination rate contributing to overall seedling emergence and growth in subsequent
generations. The smaller, poor quality seeds that resulted from stressed maternal
environment could potentially result in lower seedling survival in progeny, making them
less adapted to withstand under soil moisture stress in their next generation.
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This is the first study to provide seed to seed and post-seed- and seedling growth
and developmental functional algorithms for a wide range of soil moisture conditions at
different growth stages of soybean. The mathematical relationships and modeling
methodologies proposed will be of great interest to modelers and producers to develop
management application strategies under field conditions.
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